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PREFACE 
This thesis covers problems in structure, conformation and relative 
~tabi~ities of multidentate cobalt (III) complexes. For convenience the 
t 1esis has been divided into two parts. Part I introduces the necessary 
background chemistry and nomenclature, and reports the results of X-ray 
stru0~ural analyses and chemical studi es on s number of multidentate 
cobalt ( ~II) complexes. These results provi de a large porti on of t he 
experi mental data which is vital to the calculations descri bed in Part II. 
The strain energy minimisation calculations described in Part II were 
per formed in an attempt to understand the factors governing ligand 
cotd'ormations, coordination geometries and isomer relative stabilities 
i n tnese systems. The ultimate goal of these types of calculations woul d 
be to provide a method for accurately predicting detailed molecular 
geometries and relative stabilities of metal complexes. 
A portion of the results of this thesis has been published as follows: 
The Crystal Structures~of the Glycylglycine 0-Ethyl Ester and Chloroaquo-
complexes of ~-(Triethylenetetramine) cobalt (III), D.A. Buckingham, 
P.A. Marzilli, I.E. Maxwell, A.M. Sargeson, M. Fehlmann and H.C. Freeman1 
Chem. Comm., 488 (1968). 
The crystal and Molecular Structure of Racemio ois-13--(Chloroaquo-
triethylenetetramine) cobalt (III) Perchlorate, \H. C. Freeman and 
I.E. Maxwell , Inorg. Chem.,.§., 1293 (1969). 
The Crys t al Structure of a Bifurcat ed Qui nquedent ate Cobalt ( I I I ) 
Complex ~ DQA. Buckingham ~ PQAo Marzilli~ IoEo Maxwel l ~ AoMo Ss.rgeson 
iv 
and H.C. Freeman, Chem. Comm., 473 (1969). 
The Crystal Structures of Two Diastereoisomeric ~2-Cobalt(III)-
Triethylenetetramine-S-proline Complexes, D.A. Buckingham, L.G. Marzilli, 
I 
I.E. Maxwell, A.M. Sargeson and H.C. Freeman·, Chem. Comm., 583 (1969). 
Stereospeoific Effects in Cobalt (III)-Triethylenetetramine-N-methyl-
(s)-alanine Complexes, D.A. Buckingham, I.E. Maxwell and A.M. Sargeson, 
Chem. Comm., 581 (1969). 
The following papers have been submitted to Inorg. Chem. for publication. 
The Crystal Structure and Absolute Configuration of L(-)589~2-RRS-
(triethylenetetramine-S-Proline)cobalt(III) diiodide dihydrate, 
H.C. Freeman and I.E. Maxwell. 
The Prediction of Molecular Geometries and Relative Stabilities in 
Chelate Complexes : Application to Cobalt (III) Triethylenetetra.mine-
(S)- Prolinato Complexes, D.A. Buckingham, I.E. Maxwell, A.M. Sargeson 
and M.R. Snow. 
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PART I 
CRYSTAL STRUCTURE ANALYSES .AND STEREOCHEMICAL STUDIES OF 
COBALT (III) ·coMPLEXES 
1.1 Isomerism 
CHAPTER 1 
INTRODUCTION 
A brief coverage of isomerism in cobalt (III) multidentate 
polyamine complexes needs to be included not only to distinguish 
between the various sources of isomerism but also to introduce the 
nomenclature. The sources of isomerism include geometrical, optical 
1 
and conformational isomerism. The term geometrical isomer is still 
consistently used in inorganic nomenclature although it is indistinguish-
able from any other form of ster~oisomerism. These terms need to be 
reviewed and they are only used here to conform with current inorganic 
usage. 
Geometrical isomerism arises through different topological arrange-
ments of ligands about the metal ion, and is demonstrated by the cis 
and trans isomers of [Co(en) 2c12J + (Figure I.1a) (en= ethylenediamine). 
Likewise there are three distinct geometrical isomers of [Co(trien)C12] + 
designated~, ~ and trans. (Figure I.1b) (trien = triethylenetetramine). 
The condition for a metal complex or any molecule to exhibit optical 
isomerism is that the molecule lacks an alternating axis of symmetry, 
S (n = 1, 2, 3 •..••• ). However an optically active molecule may have 
n 
a proper axis of symmetry, C (n = 2, 3 ••...• ) and such a molecule is 
n 
{a) 
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Figure I.l 
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Geometrical isomers of (a) [Co (en ) 2c .Q, 2J and 
(b) [Co(trien)C £2 ]+ 
2 
termed dissymmetric as distinct from a molecule which has no elements 
of symmetry (apart from the identity element) which is termed asymmetric. 
An interesting example ofa dissymmetric metal chelate complex which has 
c3 symmetry is [Co(en) 3J 
3
+ whose mirror image forms are shown in 
Figure I.2a. The letters D and L were chosen( 1)to assign absolute 
structures to these isomers. The absolute configuration of the 
D- [Co(en)~ 3+ isomer was determined directly by Saito et a1(1 ) using 
the X-ray anomalous dispersion method. A nomenclature for distinguishing 
between enantiomeric forms of multidentate chelate complexes was derived 
from the [Co(en) 3J 
3+ system by relating non-adjacent chelate pairs. 
Thus the D and L forms of~- Ico(trien)Cl2] + are shown in Figure I.2b. 
This nomenclature for absolute configuration has recently been reviewed( 2) 
by IUPAC who have proposed a new system which is independent of any 
standard structure or the nature of the ligands. The proposal is based 
on the simple idea that two skew and non-orthogonal lines define a helical 
system. In an octahedral metal chelate complex the lines joining ligating 
atoms of the &ame ligand fornf ~kew chelate pairij. The c.onfiguratign is 
designated~ or A depending on whether the skew chelate pairs of lines 
form a right or left handed helical system respectively. Using this 
nomenclature the complex D- [Co(en) 3J 
3+ becomes A - [Co(en) 3J 
3+. 
However these rules are tentative and the majority of previous publications 
of relevance to this work have used the D, L nomenclature; therefore this 
system has been adopted here , ·although D = A and L = ~ exclusively. 
A third source of isomerism occurs in metal chelate ring systems where 
there is some conformational flexibility in the ring. The simplest 
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Figure I.2 
3+ Enantiomeric forms of (a) (Co(en) 3] and 
(b) [Co (tr i en) C Q, 2 ] + 
and most common example is the five membered ring formed by the co-
ordination of ethylenediamine to a metal ion (Fi&ure r.3). There are 
3 
two possible mirror image gauche conformations which the five membered 
ring can adopt . In an early treatment of this problem Corey and Bai la.r( 3) 
designated these two conformations ask and k' (see Figure r.3). However 
an unfortunate error in a diagram in this paper led to an ambiguity in 
this nomenclature. This problem is resolved using the IUPAC proposal 
for conformational nomenclature( 2 ) which also has the advantage that it 
is based on the helical system formed by two skew, non-orthogonal lines. 
In the ethylenediamine ring the lines joining the ligating nitrogen atoms 
and the carbon-carbon bond form such a system. A right-handed helical 
system is designated o and a left-handed system, A (see Figure r.3). 
This system is also independent of any standard structure and in view of 
the confusion which arose f or the earlier nomenclature, the IUPAC system 
will be adopted to describe conformation . in this thesis. 
1 .2 Co-ordinated Secondaa ..Nitrogen Centres 
In recent years the significance of isomerism generated by 
co-ordinated secondary nitrogen atoms (sec-N) has become evident. For 
example it was shown( 4) that [Co(NH3)4 sar] 
2
+ (sar = sarcosine = 
N-methylglycine) could be resolved into two optical forms which di ffered 
only in the coaj;iguration at the asymmetric sec-N centre of the amino 
acid (see Figure I.4). This resolution was achieved in acid soluti on 
where the rate of inversion at the sec-N centre is sufficiently slow for 
the two optical forms to be isolated. Under mildly basic conditions 
k 
~ 
N N 
Figure I.3 Mirror image conformations of coordinated ethylenediamine 
k' 
6 
.• 
Figure I.4 The complex ion [Co(NH) sar] 2+ 3 4 
4 
racemisation of the sec-N centre was observed. 
A considerable number of chemical and structural studies have now 
been made on complexes containing co~ordinated secondary N centres and 
a number of general properties of these systems are now lglown. For 
cobalt (III) complexes the rates of proton exchange,~ and inversion, k1 
generally have the same rate law, where 
rate= k [complex](OH-j 
but markedly different rate constants. In the systems discussed here the 
3(5) 
ratio ~/k
1
, known as the retention rat~G, is generally greater than 10. 
The co-ordinated sec-N centre has tetrahedral stereochemistry and the 
Rand S nomenclature used to describe absolute configurations at 
asymmetric carbon centres has been adopted in these systems. This 
nomenclature was first suggested by Cahn, Ingold and Prelog(G) and is now 
accepted by IUPAC.( 7) 
An interesting example of isomerism generated by co-ordinated sec-N 
centres occurs in the ligand trien co-ordinated to cobalt (III) in the 
~ configuration (Figure I.1b). In these types of complexes it is useful 
.• 
to distinguish between two different types of sec-N centres (see Figure 
1.5). The configuration at the - •angular' sec-N atom N3, is fixed by the 
ligand geometry, whereas the configuration at the 'planar' sec-N atom 
N
2 
can undergo inversion with simult~neous inversion of the conformations 
of the adjacent chelate rings. This type of conformational isomerism • 
only appears to be possible at the junction between two chelate rings 
which share a common coordination plane. 
Inversion at the 'planar' aec-N atom in ~-trien was first observed 
for the~- [Co(trien)(H2o) 2J 
3+ complexes.(B) The mutarotation of the 
• 
-------.-:!. -
·, 
H2Q-I-- ---N3 
.,, // __ 'Co - ,rr;I" 'H N~~ 'NQ -- -,.-1 2 
I 
H2Q 
D- B-SS-[Co(trien)(OH) ] 3+ 2 2 
~2Q~cl-~t)j3'H 
~ 0 
~.-.., I~ 
N--- -r N2 
1 "H 
H20 
D-B-SR-[Co(trien) (OH2) 2]
3
+ 
Figure I . S. Diastereoisomeric forms of B- [Co(trien)(OH 2) 2]
3
+ 
5 
less stable D-~-SR- [Co(trien)(OH2)2J 
3+ to the more stable 
D-~-SS- [Co(trien)(oH2)2] 
3+ was observed.(B) (S~e Figure I.5). This 
type of isomerism could be considered as both optical and conformational 
isomerism. 
It is evident that there are several sources of isomerism in these 
systems. This complexity means that it is often difficult to assign · 
exact configurations to these complexes without the use of X-ray structural 
analysis. 
Stereospecificity and Relative Stabilities of Complexes 
The subject of stereospecificity has intrigued chemists for 
many years perhaps because of its vital role in biochemical reactions. 
An example of stereospecificity in inorganic chemistry occurs in the 
[Pt(l-pn) 3J c14 system. (1-pn = 1-1 ,~ propylenediamine.). From the 
preparative mixture it was found( 9) that the D- IPt(l-pn)3] 4+ isomer 
was present in excess of the 1- IPt(l-pn) 3J 4+ isomer by a factor of 1.5. 
However , under equilibrium conditionij the D isomer is present in exce~s 
by a factor of at least 7. 4+ The [Pt(l-pn) 3] complexes provide an 
illustration of two distinct types of s~ereospecif'icity, the former of 
kinetic origin and the latter of thermodynamic origin. 
When testing for kinetic stereospecificity, care must be taken to 
determine all reaction products and ,their relative abundances in the 
reaction mixture. Likewise for thermodynamic stereospecificity care 
must be taken to ensure that equilibrium has been attained. Lack of 
distinction between these two types ,of stereospecificity and incautious 
experimental technique has sometimes led to confusion and error in the 
6 
· d' t if' 't <10) inorganic literature regar ing s ereospec ici y. In cases of 
thermodynamic stereospecificity the equilibrium constant, K is a measure 
of the relative stability between two isomers. Their free energy 
difference, 6G is given by the equation, 
6G = -RT log K 
e 
A part·cular example of thermodynamic stereospeoifioity will be dis-
cussed in some detail because of its direct relevance to the work reported 
in this thesis. It was shown( 11 ) that coordinated sarcosine in the 
[C ( ) ] 2+ . t if. o en 2 sar ion was s ereospec ic. This was demonstrated by the 
fact that inversion of the secondary N-methyl centre was not observed in 
the active complex (Dor L) even under quite basic conditions (pH 8.8) . 
' It was noted that under similar conditions inversion at the N-methyl centre 
was a very rapid process in the [Co(NH3)4 sar] 
2
+ ion.(4) A simple con-
formational analysis treatment involving a consideration of non-bonded 
interactions alone as measured from Dreiding models, supported the 
argument that mutarotation was excluded by unfavourable steric inter-
actions. The energy difference betweQn the L-S- [Co(en) 2 sar] 
2
+ and 
L-R- [Co(en) 2 sar] 
2
+ ions (see Figure I.6; Sand R denote the absolute 
configurations about the amino acid sec-N centres) was estimated to be 
10.5 kcal/mole in favour of the 1-S isomer. A crystal structure 
analysis of the (-)589- [Co(en) 2 sar] 
2
+ ion confirmed the structural 
assignment of the most stable isomer as L-s.<12) 
1.4 Mutarotation of Chelated Amino Acids 
Apart from the aec-N centre of an N-methyl amino acid, the 
N 
H 
\ 
N---1-----N~CH I"' ·~;~ 3 
I C ~ I 
I ~ 0 I 
,1~ "' I N----1--N 
-= -,,,,,, 
I 
0 
2+ L-S-[Co(en) 2sar] 
Figu_re I.6 Diastereoisomeric £01111s of [Co(en) 2sar]
2
+ 
N 
CH3 
N--1-- \ / "- ---N-H 
/ __.,;/" C O I I 
N~- "- / 
- -1--N 
-I 
0 
2+ L-R-[Co(en) 2sar] 
0 
carbon centre of an a-C substituted amino acid may play a role in 
determining stereospecific co-ordination. 
Chelated amino acids have been shown to undergo base catalysed 
a-proton exchange and mutarotation with the same rates and rate laws 
7 
i.e. R = k[complex] [OH-J .<13) Thus the retention ratio ~/\t for these 
processes is unity in contrast to secondary nitrogen centres. 
Mutarotation at the chelated amino acid a-carbon centre provides a 
method of establishing equilibrium between diastereoisomerio forms and 
thereby measuring relative stabilities. Under equilibrium conditions the 
ratios D- [Co(en) 2 (R-val)] 
2
+ / D-[ Co(en) 2(S-val)] 
2
+ = 1.7 and 
·D- [Co(en) 2 (R-ala)] 
2+/ D- [Co(en) 2 (S-ala)] 
2+ = 1.0( 9) (S-val = 
1-valina, S-ala = 1-alanine). The thermodynamic stereospecificity in 
the case of chelated valine could not be interpreted on the basis of 
steric interactions. It was therefore suggested that the small difference 
in free energy (6G = -0.3 kcal/mole) might arise through differences in 
solvation energies for the two diastereoisomers.< 13) 
Clearly, with regard to th~rmodynamic stereospecifioity the effect 
of substituents on the a-carbon centre is very much less than substituents 
on the amino nitrogen atom. 
1 .5 The Scope of Part I 
Although the stereochemistries and relative stabilities of 
these types of complexes have received considerable attention i n recent 
years, many problems still remain. At the time the work described in 
this thesis was initiated, accurate structural data from X- ray analysis 
8 
of cobalt (III) multidentate amine complexes was sparce. Rigorous 
calculations of isomer relative stabilities were frustated by insufficient 
accurate structural data. Chelate ring conformations could only be 
estimated from an examination of stereomodels. A_number of chemical 
studies were incomplete due to the difficulties of assigning configurations 
to one or more components . Further, there was an obvious need for more 
measurements of absolute configuration to aid the interpretation of 
circular dichroism and optical rotatory dispersion spectra in these 
types of complexes. 
X-ray structural analyses and where possible absolute configuration 
determinations were carried out on a number of multidentate amine 
complexes, in an attempt to provide •the required detailed structural data. 
The final chapter in part I reports some chemical studies on the 
thermodynamic stereospecificity of co-ordinated N-methyl-S-alanine in a 
series of [co(trien)(N-me-S-ala)] 2+ complexes. 
,, 
CHAPTER 2 
The Crystal and Molecular Structure of 
Racemic ~-(Chloroaguo-triethylene tetramine) 
Cobalt (III) Perchlorate 
2.1 Introduction 
9 
It has been shown( 1_4)( 1S) that '3-I Co(trien)C12 ] +, (II, Figure 
I.7) aquates to form two chloroaquo species (I and III, Figure I.7) which 
I 
can further aquate to form a common diaquo product. From a similar study 
on the aquation of trans-[ Co(trien)C12 J + (IV, Figure I.7) it could be 
reasoned( 1~)that isomer I was the only chloroaquo intermediate obtained 
in this case, and that this was the major chloroaquo isomer formed in the 
hydrolysis of '3- [ Co( trien)C12] +. Correct structural assignments to the 
'3- [Co(trien)ClOH2]
2
+ isomers are particularly important as these structures 
are the basis of a number of further studies on (triethylenetetramine) 
cobalt(III) complexes.( 16 ~1a) A detailed knowledge of the atereochemistry 
of trien coordinated in the '3 geometry will also be of interest, partic7 
ularly with respect to the configuration around that asymmetric secondary 
amine nitrogen which connects the two chelate rings sharing a common 
coordination plane. (The nomenclature follows that of refs. 14-16.) 
. 
An X-ray crystal structure analysis now removes the uncertainty hitherto 
attached to the structural assignment for the isomer III. 
(N 
1 ,N;: ,-...------s 1 
( 1
1 
_.....-,Co 1 ----~-
N
,.,.,,,,,- '\. I 
~N 
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OH2 
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/N 
/,N, 1-/~I 
( 
1
1 ~Co 1 
N ~ '/ 
-- N 7 -...____ 
-I 
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1[ 
• 
/N 
(; ~;:: 1-___;;pH2 
1/ Co, I --~~-
N - - -1-N1 
'--------=--" 
I 
Cl 
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+ Figure I. 7 Aquat ion react ions fo r [Co(trien)C£2] isome r s. 
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10 
2.2 Experimental 
Crystal Data. - Racemic ~-[CotrienCl0H2J(Cl04 )2 forms dark red 
. 
crystals. The unit cell is orthorhombic with a= 1,2.09(1 )A, b = 8.34(1 )A, 
c = 15.74(2) , U = 1586.913 6 D = 1.90(1)g.cm-3 (by £lot t · on in bromoform/ 
m 
) -3 . toluene , Z = 4, Dx = 1 .91 g.cm for c6tt20N4o9c1co with F.W. = 455.5, 
µCuKa, = 135 cm.-1 • The space group is Pna21 (No.33) or Pnam (equivalent 
to Pruna, No.62) from systematic absences of reflections (h0l absent for 
h = 2n + 1, 0kl fork+ 1 = 2n + 1). The centrosymmetric space group can 
be eliminated on the basis that the compound contains dissymmetric molecules 
which cannot have the required point group symmetry (C or C.). The solut-
s l. 
ion and refinement of the structure have confirmed the true space group 
as Pna21 • 
The unit cell dimensions (with standard deviations x102 in parentheses) 
were calculated from the values of g for a number of zero- and upper-layer 
reflections, measured on an equi-inclination diffractometer with Ni-filtered 
X-ray Data Col~ecti-on and Reduction. - A well-formed crystal of 
dimensions 0.20 x 0 . 17 x 0.11 mm parallel to a, band c was mounted about 
its b-axis for data collection. Intensity data were collected with a 
Buerger-Supper equi-inclination diffractometer using Ni-filtered CuKo. 
radiation from a fully stabilised X-ray generator. A scintillation 
counter (Philips PW 1964/10) and pulse-height analyser (Philips PW 4280) 
were used. The aperture and collimating system were such that an angle 
0 
of 2 50' was subtended at the crystal by the counter aperture. Attenuation 
of the X-ray beam was not ne·cessary as the maximum count rate was below 
the region where coincidence losses were significant. The procedure for 
measuring the intensity I(hkl) of a reflection hkl, given settings of the 
equi-inclination anglesµ (crystal) and v (counter) appropriate for a 
reciprocal lattice zone,( 19 ) was as follows: 
(1) The counter was brought manually to the position I (hkl) 
(2) The crystal was manually rotated to the angle, 
11 
where¢ (hkl) was the calculated setting for the diffraction maximum. 
0 
The scan-angle w(hkl) was normally set at 3°, but was increased (and 
a re-measurement was made) whenever the chart-recorder trace of the 
rate-meter output showed that a reflection had been truncated. 
(3) The first background, B1 , was measured fort sec. 
(4) The crystal was moved by a motor through an angle w(hkl) at 3°/min 
to ¢2 = [¢0 (hk1) + w(h.kl)/2} Total scan time was 2t sec. and the 
integrated count was P. 
(5) The second background, B2 , was measured fort sec. at the angle ¢2 • 
Steps (3) - (5) were controlled by an automated stepping mechanism. 
Peak profiles for all reflections were recorded on a chart recorder to 
check on peak centering -and p9ssible overlapping of adjacent reflections. 
Data were collected in the range 1 o0 ~ T ~ 14JJ0 for the zones hXl 
( 0 ~ K ~ 9). Ten strong zero-layer reflections were remeasured at 
regular intervals. 
For each reflection, the net count I(hkl) was calculated as 
This corrected count was then tested for significance above background, 
i • e • 
The .. usuaL"corrections for Lorentz-polarisation effects were applied and 
12 
a set of corrected relative structure amplitudes I F(hkl) I were obtained. 
Standard deviations in the relative structure amplitudes (both observed 
and unobserved) were assigned using an expression due to Hoard and 
Jacobson.( 20) The con tants 1S,, ~and¾ in thia expression were given 
values 0 . 02 , 0. 05 and 0, respectively. Using accurate measurements of the 
crystal dimensions , absorption corrections were applied by the method 
of Coppens , Leiserowitz and Rabinovich , ( 21 ) using a 4 x 6 x 6 grid with 
axes parallel to a, band c, respectively. Calculated transmission 
coefficients ranged from 0.17 to 0.43. Finally, scale factors between 
ten sets of ten standard reflections (see above) were calculated by a 
least-squares method . ( 22 ) These scale-factors indicated a time-dependent 
decrease in the intensities of the standard reflections during the period 
of X-irradiation . Appropriate corrections were applied. A total of 1591 
reflections was recorded, of which 466 were unobservably weak. 
Solution and Refinement of the Structure. - The structure was 
solved using a sharpened Patterson and standard Fourier syntheses. It 
-
was evident from the spread of electron density around the perchlorate 
oxygen atoms that they were not rigidly fixed . 
Least- squares refinement was then carried out, minimising the function 
E w( IF I- s IF I )2 where the weights w = 1/o2(F) ands= inverse of 
0 C 
scale factor to be applied to the IF I . Unobservably weak reflections 
0 
were given zero weights . After three cycles in which only the coordinates 
and isotropic temperature factors were varied, the residuals R1 
and R2 = (E w ~
2/ E w F!)1/ 2 were 0.156 and 0. 059 , respectively 
( ~ = I IF 1- s I F 11 ) • 0 C 
= ~/E IF I 
0 
13 
Before commencing anisotropic refinement , new weights were derived from 
an analysis of the variation of <1/62> in ranges of I F I 0 
The IF I - dependence could be adequately described by a modified 
0 
Cruickshank function( 23 ) of the type w = K/ (1+((F - P~)/p1 )~ . 0 ~ 
The angular dependence was shown to be negligibly small. The weighting 
scheme was revised after each subsequent refinement cycle. The weighting 
parameters conv~rged to the values K = 0.203, p1 = 34.0, p2 = 53.0. 
A (F - F )-synthesis, computed after two cycles of anisotropic 
0 C 
refinement, had positive regions of electron density in all eigAteen 
expected hydrogen atom positions of the trien ligand. The inclusion of 
hydrogen atoms at their calculated positions caused an improvement in the 
residual R1 from 0.090 to 0.077, and in R2 from 0.120 to 0.096. The 
hydrogen atom positions were recalculated after each cycle, but otherwise 
the hydrogen atom parameters were not refined. After five cycles, the 
anisotropic refinement converged with residuals R1 = 0.070 and R2 = 0.076. 
No parameter changed by more than 0.3 of its standard deviation in the 
last refinement cycle. A fin~l difference Fourier had no positive maxima 
greater than 0.4 e/ X3 , the standard deviation of the electron density 
being 0.15 e/ X3 . 
The atomic scattering factors of Cromer and Waber( 24) were used for 
3+ Co , Cl, O, N and C. The values for H were taken from the tabulation 
by Ibers.( 25 ) In view of the polar nature of the space group, the Co 
and Cl atoms were treated as anomalous scatterers( 26 ) with 6f' and 6f" 
values listed by Cromer.( 27 ) The refinement was repeated in the space 
group of reverse polarity. The resulting shifts were of the order pre-
14 
( 26 '2.6dJ dieted by Cruickshank and McDonald, ~ and led to unacceptable bond 
lengths (e.g. Co - N(1) = 2.14 A, Co - N(3) = 1.71 A), showing that the 
original choice of polarity was correct. The observed and calculated 
structure factors are compared in Table I.1. 1 Structure factors were 
calculated for unobserved data and no calculated value differed from the 
value assigned to the corresponding I F b I by more than 3o (F b ) • uno s uno s 
The final atomic positions and anisotropic thermal parameters are presented 
in Table I.2. Although the refinement was based on data recorded about 
only one crystal axis, the vibrational parameters correspond to physical~y 
reasonable thermal vibrational ellips_oids (Figurea I.8 and I. 9). 
Computer Programs. - The following crystallographic computer 
programs were used in the present and subsequent structural analyses. 
Data reduction, Fourier syntheses and subsidiary calculations were carried 
out on a CDC 3600 computer using programs written by Dr. J.F. Blount. 
Full matrix least-squares refinements and difference Fourier syntheses were 
calculated on an IBM 360/50 computer using modified versions of ORFLS( 2B) 
and FORDAP( 29 ) respectively. ~ Estimated standard deviations including 
correlation terms for interatomic parameters were calculated by means of 
program ORFFE,( 3o) adapted for use on IBM 360/50 computer. Perspective 
molecular and unit cell diagrams were drawn under computer control using 
program ORTEP( 31 ) on the CDC 3600 computer. 
Description of the Structure 
The crystal structure can be described in terms of successive 
.. 
layers of cations and anions in which the Co-Cl bonds of the cations are 
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TABLE I.2 FRACTIONAL ATOMIC POSITIONAL PARAMETERSa-c AND ANISOTROPIC 
TEMPERATURE FACTORSd,e FOR B- [Co(trien)C£OH2] (C£O4) 2 
f,g 
1 
104• 10\: 1o4.1, 4 4 1o41133 1o41112 1o41113 4 ' 10
4
• 104,. ~ 10 i;11 10 '322 10 '323 A.Ma 
Co 2125(2) 1274(3) 25058 ll. 23(1) 103(3) 22(1) 3(2) 0(1) 4( 2) H(l) 2906 -0023 
c.t(1) 0386(3) 1938(6) 2171(3) 23(2) 174(8) 33(2) 11(4) -3(2) 5(3) H(2) 1758 0670 
c.t(2) 4570(3) 6694( 6) 4225( 3) 50(3) 170(8) 24(1 ) -1(4) 5(2) -1( 3) H(3) 3640 2130 
c.t(3) 4828(4) 7838( 6) 1074(3) (i()( 3) 133(8) 39(2) 15(4) -8(2) -8(3) H(4) 2735 2309 
0(1) 1618(8) 9047(12) 2665(8) 53(7) 111(18) 42(6) -18(9) 5(6) 21(9) H(5) 3084 4755 
0(2) 4742(13) 5153(21) 3876(13) 117(16) 229(32) 89(12) 46( 18) 4(11) -10(16) H(6) 1712 4014 
0(3) 3594(13) 7285(18) 3687(12) 99(u) 167(27) 116(12) 40(15) -4-4(11) 15(15) H(7) 3373 3385 
0(4) 0529(15) 1665(31) ()()IJ3(11) 106(15) 466(57) 48(9) 47(24) -1.4(9) 10(18) H(8) 2538 5670 
0(5) 0520(13) 73)0(26) 3996(11) 74( 12) 412(50) 66(11) 11.4(22) 21(9) 7(17) H(9) 1246 4781 
0(6) 0922(15) 7816(29) 11.41(1.4) 107(16) 466(51) 78(12) -104(24) -5(13) -16( 23) H(l0) 2850 4007 
0(7) 4218(26) 7~(45) 1795(19) 269( 39) 614(102) 122(20) 55(49) 107(25) 75(35) H(ll) 1400 4279 
0(8) 4293(23) 7265(38) 0407(18) 225(32) 525(78) 111(18) -63(37) -98(20) -78()0) H(l2) 1209 1732 
0(9) 4835(21) 9441(26) 1040(27) 189(27) 238(45) 274(37) 23(27) -6{ 26) -42(38) H(13) 2713 1646 
1(1) 2431(10) 0669(17) 1304(8),, 36(9) 142(24) 15(5) -12(11) -4(5) -5(9) H(14) 2369 - 0156 
1(2) 2657(10) 3377(17) 2299(9) 32(8) 111(23) 43(8) 6(11) -7(6) 15(10) H(15) 4106 2284 
1(3) 1895(9) 1956(17) 3662(8) 38(9) 127(22) 22( 6) -10(12) 2(5) 11(10) H(l6) 4339 0280 
1(4) 3558(10) 0503(15) 2872(8) 53(9) 111(20) 21(5) 3(11) -7(6) 11(9) H(17) 4113 0913 
C(l) 29(i0( 14) 2241(22) 0926(11) (i0(12) 166(33) 31(9) 13(17) -2(9) 13( 13) H(18) 3567 -0634 
c(2) 2562(15) 3752(22) 1386(14) 62( 13) 137(32) 38( 10) -18( 16) 1(10) 34(16) 
c(3) 2076(16) 4550(22) 2885( 12) 69(13) 126( 29) 44(10) -6(18) 8(11) -8(13) 
c{4) 2070(15) 3782(23) 3731(13) 61(13) 133(30) 50(9) 5(19) 5(10) -21(15) 
c(5) 2658(12) 1064(20) 4205(11) 33(10) 131(30) 33(6) 0(14) 2(7) 29(12) 
C(6) 3763(13) 1073(23) 3750( 13) 35(12) 195(34) 38(9) 26(17) 8(9) 26(16) 
Footnot§e for Table 
!,, Numbers in paNntbeHe &N eatim&ted standard derlationa r18ht-adju.eted to the leaat •i&nifioant d.181t of the pNoeding number. 
R.• Cabal t 1. coordlni\ te was chosen arbi trsrily and remai.Jwd find thro~t NfineMnt, 
i.• Hydrogen at011 positions "•re calculated ae follows• Tetrshedral pri111&:r,r Ii, ~..Ji • 0,9~1 tetrahedral Hcondary N, ~-H • 0,89i, 
meth,ylene c, ~..Ji • 1,oe.µ, 
,1. The for,ii of the anisotropic temperature p&I'61Deter ! 1a 1 ! • exp { -(b,2!\1 + l1322 + 1213 33 + 2.Wl12 + 2Mf!13 + 2W23 J} 
Jl.• Hydrogen ator.111 ••N all aa111&ned fixed ieotropic temperature faotora of 6.oi 2• 
L• The numbering of the perohloI?.te Mio11,-; i : •111 followa• at01AB 0(2) - 0(5) are bonded to c.l(l) and ato11111 0(6) - 0(9) are bonded to c.t(2). 
!· Hydrogen atoms are nu~bered sequentially around the trien rings from atom N(l) to atom 1(4), 
104.1, 
1241 
1005 
0989 
0258 
1211 
1208 
2401 
2902 
2661 
4039 
4095 
3815 
4829 
4298 
3770 
4095 
2499 
2849 
f---1 
Q\ 
Figure I.8 
Cs 
Perspective view of [Co(trien)C£OH 2]
2
+ ion 
showing thermal vibrational ellipsoids . 
Q4 
Figure I.9 
Q3 
06 
02 
Perspective views of pe rchl orate anions in B-[Co(trien)C£OH2]
2
+ 
showing t hermal vibrationa l ellipsoids. 
Os 
01 
17 
roughly parallel to the a-axis. A perspective diagram of the unit cell 
as viewed down the b-axis is shown in Figure I.10. The crystal contains 
no water of crystallisation. Thermal ellipsoids for the perchlorate 
anions (Figure I.9) indicate high thermal motion or slight disorder of 
. 
the oxygen atoms. This feature of the :structure, the relatively large 
pro nt ge of nobs rved r fl otione, tha ff ot of fluoresoent r di tion~ 
and the use of single-axis data have combined to reduce the precision and 
accuracy of the structure analysis. 
Description of S- (Co(trien)ClOH2]
2
+ cation. Intramolecular 
bond distances and angles with their estimated standard deviations are 
given in Tables r.3 and I.4. The Co111-N bond distances are all equal 
within 3 standard deviations, although the bonds are not chemically 
equivalent. Their mean is 1.93(1)A, comparable with 1.96(2)A in trans-
[Co(en)2c12 ]S2o6 .H2o( 32 ), 1.97(2)A in D- [Co(en) 2(L-glutamic acid)] c104 , 
( 33 ) 1.97(1)A in [Co(en) 2sarcosine ]I2 .2H20,(
12 ) and 1o94(2)A ~n trans-
[Co(en)2so3NCS l2H20,(
34)~tandard deviations are given in parentheses, 
right adjusted to the least significant figure of the preceding number). 
III : 
The Co -Cl bond-length, 2.237(4)A lies in the range of other recent 
determinations: 2.230(1)A,(32 )i.303(6)A in [Co(NH3)5c1 ]siF6, (
35 ) and 
2.286(2)A in [Co(NH3\C1 ]_c12.(
36 ) (A number of' earlier determinations 
(37-41) III III 
of Co -N and Co -Cl bond-lengths have been omitted from the 
comparisonso The reported values were significantly greater but were 
based on limited data and refinements)o 
III There are no suitable structures containing Co -OH2 bonds wi th~1which 
. 
to compare the distance of 1.98(1)A found from this analysis. The only 
previously reported structures containing such bonds have been disordered 
(42-44) 
• 
Figure 1.10 A perspective diagram of t he unit cell of S-[Co(trien)C £OH 2] (C£04) 2 
as viewed down the b-axis. 
c-axis is horizontal. 
The a-axis is vertical and the 
TABLE I.3 
INTRAMOLECULAR DISTANCES FOR S[Co(trien)C £OH2)(C £04) 2 
a,b 
Distances within S[Co(trien)C£OH 2]
2
+ cation 
0 0 
Atoms Distance (A) Atoms Distance (A) 
CO--C £ (1) 2.237(4) N(2)-C(2) 1.47(2) 
Co---0 (11) 1. 976 (10) N(2)~(3) 1.52(2) 
Co----N ( 1) 1.957(12) C(3)--C(4) 1.48(3) 
Co----N (2) 1. 896 (14) N(3)--C(4) 1. 54 (2) 
Co----N (3) 1.927(13) N(3)--!:(5) 1. 46 (2) 
Co----N ( 4) 1.936(12) C(5)--!:(6) 1.51(2) 
N(l)-C(l) 1.44(2) N(4)-C(6) 1.48(2) 
C(l)--!:(2) 1.53(3) 
Distances within perchlorate anions 
( £(2)--0(2) 1. 41 (2) C£(3)-0(61j½ 1.43(2) 
C£ (2)--0 (3) 1.39(1) ( £(3)--0(7) 1.42( 2) 
C£(2)-0(4i1 1.37(2) C£(3)--0(8) 1.32(2) 
C£(2)-0(5ii~ 1.45(1) C£(3)-0(9) 1.34(2) 
.• 
a 
Symmetry transformations are as follows: 
i = x, 
-1 + y,z; ii = 1: 1 - X , I~ + "f, 12 + z ; 
111 
= ½ + x, 
b 1umbers in parentheses are estimated standard deviations 
right adjusted to the least significant digit of the 
preceding number. 
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TABLE I. 4 
a,b 
I TRAMOLECULAR BOND ANGLES FOR B[Co(trien)C £OII 2 ] (C£04 ) 2 
Angles within B[Co(trien)C £OH2]
2
+ cation 
Atoms Angle (deg.) Atoms Angle (deg.) 
N(2)-CO-..N(l) 86.0(6) C~(l)-C(l) 110.3(1.0) 
(2)-C~(3) 86.4(6) N(l)-C(l)-C(2) 108.6(1.3) 
N (3)-Co--N ( 4) 86.9(5) C(l)-C(2)-N(2) 105.2(1.4) 
N ( 1 )-Co--0 ( 1 i) 92.0(5) C(2)-N(2)-Co 109. 7 (1.1) 
N(3)-Co--O(l i) 95.6(5) CO----N (2)-C (3) 109.6(1.0) 
N(2)-C~(4) 93.1(5) N(2)-C(3)-C(4) 105.7(1.4) 
N(l)-C~(4) 93.5(5) C(3)-C(4)-N(3) 111.4(1.5) 
N(4)-Co--O(l i) 85.6(5) C(4)-N(3)-Co 109. 8 ( 1.1) 
C£ (1)--{;~(2) 92.8(4) c~ c 3 )-Cc 5) 108.1(1.0) 
C£ (1 )-{;o--N ( 1) 89.6(4) N ( 3 )-C ( 5 )-C ( 6) 106 .1 (1. 3) 
C £ ( 1 )-{;o--0 ( 1 i ) 88.6(3) C(5)-C(6)-N(4) 107.0(1.4) 
C£ (1)--{;~(3) 90. 8 ( 4) C (6)-N(4 )-Co 108.7(1.0) 
Angles within perchlorate anions 
0 ( 2 )-C £ ( 2 )--0 ( Si i ½ 10 7 . 2 ( 1. 1 ) 0 ( 6ii ~-C £ (3 )-0 (9) 112.2(1.4) 
0(2)-C£(2)--0(4i~ 112.6(1.5) 0 (6ii½-e i (3)-----0 (8) 111.8(1.7) 
0(2)-C£ (2)--0(3) 107.4(1.0) 0 (61 i ~-C £ (3)-----0 (7) 108.0(1.7) 
0 ( i ~-C £ ( 2 )--0 ( ~i ½ 109. 1 (1 . 1) 0(7)-----C £ (3)---0(8) 106.1 (2 .0) 
--
0 ( 3 )-C £ ( 2 )--0 ( 4i i) 108. 3 ( 1. 3) 0(8)-----C £ (3)-0(9) 109.5(2.2) 
0 (3)-C £ (2)-0 (~i ~ 112.2(1.1) 0(7)-----<:: £ (3)--0(9) 109.0(2. 2) 
a 
Symmetry transformations are as follows: 
i = x, -1 + y, z. 
' 
ii= ½ - x, !<: 2 + y, !-, 2 + z. 
' 
iii 
= ½+ x, 3/ 2 - y, z. 
b 
The numbers in parentheses are estimated standard deviations 
right adjusted to the least significant digit of the preceding 
number. 
19 
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Conf'ormations of Chelate Rings. - Since the angles subtended 
at the cobalt atom by the trien chelate rings are all close to 86° (as 
in simple ethylenediamine complexes( 32 , 34)), the coordination geometry 
cannot be that of a precisely regular octahedron. The bonds from Co to 
N(1), N(2), N(3) and 0(1 ') (= OH2 ) are coplanar (plane 1, Table I.5), 
but the four donor atoms in each of the other two coordination planes 
deviate significantly from them (planes 2 and 3, Table I.5). 
The two outer chelate rings have unsymmetrical skew conformations. 
The ring carbon atoms C(1) and C(2) lie at -0.12 and 0.54 A, respectively, 
from the N(1)-Co-N(2) plane. The corresponding deviations of C(5) and 
C(6) from the N(3)-Co-N(4) plane are -0.48 and 0.22 A. In the central 
chelate ring, on the other hand, the methylene carbons C(3) and C(4) lie 
on the same side of the N(2)-Co-N(3) plane (unsymmetrical envelope con-
formation, deviations 0.73 and 0.23 A). In the crystal, for the 
1-~- [Co(trien)ClOH2J
2
+ ion (see Figure I.8 ), the chelate ring conform-
ations are as follows : N(1) - C(1) - C(2) - N(2), A; N(2) - C(3) - C(4) -
N(3), o; N(3) - C(5) - C(6) ~ N(4), 6 • Models suggest that, given the 
configuration found at the asymmetric atom N(2), both the distorted 
coordination geometry and the conformations of the chelate rings in this 
structure minimise the distortions of the bond angles in the ligand from 
their normal values. Ibers et al.( 45 )recently examined the dihedral angles 
formed by the C-N and C-C bonds (defined in their paper as angle~) in a 
number of tris-ethylenediamine complexes of Co(III), Cr(III) and Ni(II). 
The most accurately known values of~ were quoted for a number of 
[Cr(en) 3 ] 
3+ complexes with different anions. The~ angles in three 
-I 
TABLE I.5 
LEAST SQUARES PLANES a 
(a) Equations of planes AX+ BY+ CZ+ D = 0, 
where X = ax, Y = by, Z = cz 
Atoms included in plane Plane A B C 
o. 
Co, O(li), (1) , N ( 2) , (3) 1 
-0.9303 0.2843 
-0.2318 
Co, C£(1), N(l), (3), N(4) 2 0.3331 0.9281 
-0.1665 
Co, C£ (1) , 0(1 i) , ~: (2) N ( 4) 3 0.2003 
-0.2308 
-0.9522 
(b) Distances of atoms from planes / 
0 Atoms Deviations (A) from 
Plane 1 Plane 2 Plane 3 
Co 0.01 
-0.01 0.01 
C£ (1) 
-0 .11 
-0.04 
0(11) 
-0.01 0.04 
-· 
(1) 0.01 0 .12 
(2) 
-0.01 0.04 
(3) 0.01 0 .12 
(4) 
-0. 12 
-0.05 
a Symmetry transformation 1s as follows: 
l 
= x, -1 + y, z . 
21 
D 
3.0124 
-1.1940 
3.4917 
22 
indepenqently determined cations varied from 48.4° to 55.0° (mean value 
= 51.6°). We find that the~ angles for the two outer chelate rings in 
~-trien (The use of~ as a symbol for a particular dihedral angle is 
unrelated to its significance in ·~-trien') have values (47.4°, 51 .8°), 
similar to those found by Ibers,( 45 ) in contrast to the central chelate 
ring which has a much smaller~ (37.0°) . 
Intermolecular Contacts. - Each complex cation makes six 
hydrogen-bonded contacts (Table I.6). Two of these are between the 
coordinated H20-molecule and perchlorate oxygen atoms. The ligand nitrogen 
atoms N(2) and N(4) are donors, and the coordinated chloride C1(1) is the 
acceptor, in two pairs of N-H ••• Cl bonds which link each complex to the 
two complexes related to it by the a-glide operation. 
The shortest non-bonded contacts (2.3 ± .1 A) are all between hydrogens 
attached to ligand nitrogen atoms, and perchlorate oxygens: 
H(2) ••• o(4), H(12) ••• 0(2v), H(18) ••• 0(3), H(1) ••• 0(9). Not surprisingly, 
if hydrogens are omitted then the shortest non-bonded contacts of each 
complex are still with perchlorate oxygens: C1(1) ••• 0(4), 3.28 A and 
c1(1 ) ••• 0(2iv), 3.30 A. 
2.4 Chemical Significance of this Structure 
This crystal structure analysis has shown that the major 
-. 
chloroaquo isomer obtained from the partial hydrolysis of the ~ ICo(trien)-
Cl2]+ ion is that in which the co-ordinated water molecule is trans to 
those two chelate rings which have a common co-ordination plane (Figures 
I.8 and I.to). The X-ray result confirms the structure deduced from kinetic 
23 
TABLE I. 6 
a 
HYDROGE BO OS I TIIE B[Co(trien)C £OH 2 ] (C £0 4 ) 2 CRYSTAL 
0 0 
Atoms X- -H ... Y Atoms Y ... H--X (X--H) A (X ... Y) A 
i i 0(1 )-H · · · · · 0(5 ) 2.84 
i i 0(1 )-H"·"0(6) 2.77 
(2)-H(7) ... C£ (1 1 v) V C£ (1) ... H(7 ) - (2 V) 2.5 3.32 
(4)-H(l 7) ... C£ (1 iv) V C£ (1) ... II(l7 )- (4v) 2.4 3.27 
Atoms Angle (deg.) Atoms Angle (deg.) 
Co i i 0(1 ) ... 0(5 ) 136 Co - l\(2) .... C£ (1 iv) 106 
Co i i 0(1 ) ... 0(6 ) 109 lV C(2)-N(2) .... C£ (1 ) 92 
i i i 0(5 ) ... 0(1 ) ... 0(6 ) 108 C(3)- iv (2) .... C£ (1 ) 123 
. . iv 0(1 1 ) ... 0(5 1 )-C£ (2v) 106 (2) - 11(7) .... C£ (1 ) 160 
0(1 i) ... 0(6i)-C £ (3v) 119 Co - '( 4) .... C£ (1 iv) 107 
Co C£ (1) ... (2v) 15J C(6) - N(4) .... C£ (1 iv) 90 
Co C£ (1) ... "(4v) 136 "(4) - H(l 7) ... C£ (1 iv) 148 
a Symmetry transfo rma t ions a r e as fo 11 Oh'S : 
1 iv 1/ !-; ':1, z . 
-1 z· = + X ' -= x, + y , 
' 
2 
' 
V ½ = + x, ½ - y, z . 
24 
data, and provides the basis for the assignment of structures to a 
number of other related compounds.( 16- 18 ) It is now further established 
that the trien ligand remains in the ~-configuration during the hydrolysis 
of~ (Co(trien)C12]+. The structure analysis has not p~ovided any 
information which might explain the large difference between the relative 
rates of formation of the two chloroaquo isomera,< 15 ) although it does 
rule out the possibility of steric effects. 
It has been reasoned from kinetic and stereochemical data that one 
configuration of ~-trien, namely that in which the proton on atom N(2) 
(Figures I.8 and I.10) is directed towards the apical chelate ring, is 
more stable than that in which the configuration at atom N(2) is inverted 
( 8 14- 15 · }. 6 47 ') 
' ' · , -~' • The structure analyses of the present complex and of 
the related cation(48) ~- [Co(trien)(Gly-Gly-OEt)] 3+ lead to the same 
conclusion. 
-· 
CHAPT'iR 3 
The Crystal and f.o_ecular Structure of Racemic 
(4-( 2- aminoethyl)-1 ,4,7,10 tetra- azadecane- azido)cobalt (III ) 
nitrate hydrate 
Introduction 
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As part of a general study on the stereochemistry and mechanisms 
o~ hydro ~ysis of compl xes of the typ ICoN5xJ
2
+ (where N5 is a multi-
dentate amin, a monodentate amine, ammonia or a combination, and Xis 
an acido group) four [Co(tetraen)I ] 2+ (tetraen = tetraethylene-
pentamine co~plexes wer prepared and characterised.( 49 ) The commercially 
availabl linear tetraen (Union Carbide) was known to contain a considerable 
percen age of some impurity, probably a branched chain isomer. This posed 
the problem of deciding not only between topological isomers in the 
complexes but also between ligand isomers. In view of the very large 
number of isomeric possibilities it was very difficult to make unequivocal 
structural assignments to the jsolated complexes. 
Detailed structural knowledge is essential to any comprehensive study 
of the mechanisms of hydrolysis of these compounds. Further, the 
conformations of the chelate rings in these types of complexes are of 
interest in determining the factors governing the geometries of multi-
dentate amine complexes. Such information could be provided by a crystal 
structure analysis and this chapter describes the results of an X-ray 
) 2+ structural analysis on a ICo(tetrae~ N3J complex. The azido complex 
is known to be structurally related to the chloro complex isolated as ,. the 
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first fraction from the reaction mixture. Therefore the results of this 
analysis will be relevant to the kinetic studies on the chloro complex. 
lso accurate structural data on coordinated azide is sparce and additional 
data might aid in defining the bonding requirements for aoordinated azide 
ion . Suitable single crystals of the racemic complex were obtained as 
the dinitrate salt. 
3.2 Exper imental 
Crystal Data. 
crys tallised in well formed air stable orange crystals. The unit cell 
1as monoclinic with a= 8~32(1)A, b = 7.64(1)A, c = 27.69(3)A, 
~ = 96.3(3) 0 , U = 1749.6A3 , D = 1.66g~cm3 (by flotation in bromoethane/ 
m 
ethanol), Z = 4, D 
X 
-3 . 
= 1 .64g.cm for c8H25N10o7co with F.W. = 4}2.4, 
-1 µCuKa. = 86.2cm • From systematic absences of reflections (hOl absent 
for 1 = 2n+1, OkO absent fork= 2n+1) the space group was determined to 
be P21/c (C~; No 14). Unit cell dimensions were calculated from Q 
measurements on high angle re~Jections using an equi-inclination 
diffractometer and Ni-filtered CuKa. radiation. 
X-ray Data Collection -and Reduction . Two crystals of dimensions 
0.10 x 0.05 x 0.04 mm and 0.07 x 0.20 x 0.04 mm (parallel to axes a, band 
c respectively) were mounted about the a and b axes respectively for data 
collection. Data were collected on an automated Buerger-Supper equi-
inclination diffractometer using Ni-filtered CuKo. radiation from a fully 
stabilised X-ray generator. The control program was an early version of 
that described by Freeman et al.( 5o) The reflection, indices 'hkl, 
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setting angles¢ (crystal) and .r_ (counter), and scan range w were input 
from punched paper tape. The background and peak intensities B1 , P, B2 
were recorded under computer control, using a sequence of operations 
analogous to those described in Chapter 2. 
The angle subtended at the crystal by the counter aperture was increased 
with increasingµ in the range 2°50 1 - 3°50•. A constant scan speed of 
3°/min was used and the scan range was generally 3° being increased for 
very extended reflections. Attenuation of the X-ray beam was not necessary 
since the maximum observed count rate was within the linear range of the 
counter. 
0 400 Reflection data were collected in the range 10 ~ y ~ 1 for the 
zones Hkl (H=0) and hK.l, hK.l (0~K~6). The net count I(hkl), for each 
reflection was calculated as I(hkl) = P-(B1+B2) where P ·= spot count and 
B1 · and B2 are the first and second ba~kground counts. A reflection was 
considered unobserved if I(hkl) <2(B1+B2)
1/ 2• Lorentz-polarization 
corrections were applied and estimated standard deviations were calculated 
by the method of Hoard and Jacobson,( 2o} using values of 0.02, 0.05 and 0 
for~,¾ and~ respectively, Absorption corrections were applied by 
the method of Coppens, Leiserowitz and Rabinowich,( 21 ) The grids used 
were 2 x 10 x 6 and 4 x 10 x 2 (parallel to a, band c) for the a and b 
axis crystals respectivelyo 
Scale factors between layers were calculated by a least squares 
procedure( 22 ) and indicated a small amount of decomposition of the b-axis 
crystal. A total of 2739 independent reflections were obtained of which 
709 were unobservably weak. 
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Solution and Refinement of the Structure. The structure was 
solved using a sharpened Patterson synthesis and the usual Fourier 
analys es . One molecule of water of crystallization was located from a 
(F - F ) synthesis calculated in the final stages of solution of t he 
0 C 
str ucture. Full matrix least squares refinement was carried out minimising 
the function tw( IF I- s IF I )2 where W = 1/o2(F) and a= inverse of 
0 C 
scal e f actor applied to IF I. The unobserved reflection data were 
0 
as s igned zero weights. At an early stage in the least squares refinement 
i t be came apparent that the initial weights were unsatisfactory. Two · 
cycles were carried out varying an overall scale factor, atomic co-ordinates 
and isotropic temperature factors using unit weights. The residuals 
R1 = ~/[ IF O I and R2 
(6= 11F I- s lF II ). 0 C 
= [DV62/I:WF2 ] 1/ 2 were 0.150 and 0.174 respectively. 
0 
An improved weighting scheme w~s obtained from an analysis of < 1/112;:;-
in ranges of IF land &in 9/A. The IF I dependence was fitted to a 
0 0 
modified Cruickshank function( 23 } of the type W = K/[1+((F
0
-p2)/p1)
2] . 
This type of analysis was repeated after each subsequent cycle and the 
parame t ers K, p1 and p2 modified to fit the I F O I dependence. 
A (F -F) synthesis after a further cycle of refinement in which 
0 C 
anisotropic temperature factors were varied, indicated significant 
electron density in the regions where hydrogen atoms of the ligand would 
be expected. The inclusion of ligand hydrogen atoms at calculated positions 
reduced R1 from 0.089 to 0.085. Hydrogen atom positions were recalculated 
after each subsequent refinement cycle. The refinement converged (maximum 
parameter shift 0.30) after three more cycles to residuals R1 = 0.068 
and R2 = 0.072. Final weighting parameters were K = 0.312, p = 17.6 1 
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and p 2 = 34.0. A difference Fourier using the refined co-ordinates had 
no maxima greater than 0.4 e/A3 (except in the vicinity of the cobalt, 
maximum density 0.8 e/A3). 
The scattering factor tables for co3+, O, N and C were those listed 
by Cromer and Waber( 24) and the hydrogen curve was taken from International 
Tables .( 25 ) Cobalt was treated as an anomalous scatterer using the ~f' 
and ~f" values given by Cromer.( 27 ) Observed and calculated structure 
factors are listed in Table 1.7. Final atomic positional and thermal 
parameters along with their estimated standard deviations are given in 
Table I.8. A perspective diagram of the complex cation showing atom 
numbering and ellipsoids of thermal motion is given in Figure I.11. 
3.3 Description of the Structure 
Introduction. The crystal structure consists of discreet 
complex cations and nitrate anions along with one molecule of water of 
crystallisation per cation (F~gure I.12). Each complex cation is 
asymmetric thus the centrosymmetrio unit cell contains two pairs of 
-
enantiomers. The crystal lattice is held together by a combination of 
electrostatic forces and a complex hydrogen bonding network. 
Hydrogen Bonding and Non-bonded Contacts. Hydrogen bond 
distances and angles, along with the identification of donor and acceptor 
atoms, are given in Table I.9. The nitrogen atoms of each cation make 
seven hydrogen bonds with the oxygen atoms of four neighbouring nitrate 
anions. Each nitrate ion hydrogen bonds to two adjacent complex cations. 
TABLE I.7 
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TABLE 1.8 
a-c 
FRACTIONAL ATOM IC POSITIONAL PARAMETERS ANO ANJ<;()TROPJC 
d 
TEMPERATURE FACTORS FOR [Co(t renen)N 3 ) (N03 ) 2"11 20 
104x w\ 104, 4 4 4 4 4 4 J()4x 104y w4. At0111 10 s1 I 10 822 10 833 10 012 10 813 JO 823 Atom 
Co 2044 (I) 4182 (2) 3589( I ) 70( I) 80(2) 6(1) 
-5 (2) 4 (I) 
-2( I) 11(1) 1583 2601 2823 
0(1) 2193(7) 8070(7 ) 2309 ( 2) 221 (II) 111(11) 10(1) 
-2 (9) 2(2) 
-11 (2) 11(2) 1202 4564 2725 
0(2) 3473(6) 9567(7 ) 2895(2) 108(7) 144 ( I 2) 11(1) 
-23(7) 3(2) 
-9(2) 11(3) 419 7 2761 2723 
0(3) 961 (6) 10112(7) 2667(2) 119(8) 125 ( 12) 19( I ) 29(8) 4(2) 
-9(3 ) 11(4) 3422 4509 2347 
0(4) 1358(7) 69(9) 480(2) 190(11 ) 14 7( 14 ) 15(1) 36(9) 10 (2) 17 (3) 11 (5) 5770 5302 3001 
0(5) 2286(7) 2348(9) 143(2) 180(!0) 234 ( 15 ) 13( I) 
-26(10) 21 ( 2) 8(3) H(6) 4018 6621 2992 
0(6) 90(7) 2539(8) 4 81 (2) 174 ( 10) 199( 14 ) I 7 (I) 38(10) 19(2) 
-2 (3) 11(7) 5965 6515 3962 
0(7) 2543(9) 6162(10) 265(3) 284 (I 5) 237(19) 25 [ I ) 11 (I 3) 
-17 (4) 
-2(4) H(8) 4056 744 2 3763 
N(l) 1930(6) 3767(8) 2889(2) 90(8) 135 ( 14) 7 (I) 
-3(8) 5(2) 
-2(2) H(9) 4893 484 2 4575 
N(2) 4318(6) 4776(8 ) 3566(2) 86(8) 103( 13) 7 (I) 6(7) 5(2) 
-2(2) 11(10) 3987 6930 4607 
N(3) 2426(7) 4973( 8 ) 4277(2) 116(9 ) 149(13) 6( I) 
-17(9) 7 (2) 
-8(2) H(l I) 2365 3983 4484 
N(4) 2763(6) 1786(8) 3729(2) 91 (8) 125 (13) 8(1 ) 16(8) 3(2) 6(3) H(12) 164 I 5803 4338 
N(5) 
-140(6) 3291 (8) 3649(2) 103(9) 116(14) IO(I) 
-21 (9) 9(2) 
-6(3) H(l3) 5753 2626 3386 
N(6) 1301 (6) 6568(8) 3433(2) 80(9) 127(14 ) 9(1) 3(8) 
-1 ( 2) 2 ( 2) H(l4) 6389 3620 3952 
N(7) 
-135 (7) 6864 (8) 3382(2) 131 ( 12) 95(13 ) 8(1 ) 
-8(9) I (2) 6(2) H(l5) 4969 539 3942 
N(8) -1484 (8) 7235 (10) 3327(3) 107(1 I) 219(20) 23 (I) 
-48 (12) I (3) 
-9(4) H(l6) 4402 2155 4349 
N(9) 2206(7) 9234 (8) 2620(2) 137(10) 83(12) 8 (I) 
-20(10) 2(2) 3(3) II ( 17) 2812 1277 344 2 
N(IO) 1257(7) 1638(10) 370(2) 136( 11 ) 170 (17) 8 (I) 2(11) 7(2) 
-1 (3) H(l 8) 1701 
-536 3956 
C(l) 3554(8) 4007 ( 10) 2716(2) 111 (10) 115( 16 ) 7( I ) 
-6 (II) I I (2) I (3) H(l9) 1621 1261 4356 
C(2) 4496(8) 5306(10) 3057(2 ) 97(10 ) 134 ( 17) 9(1) 
-5( 10 ) 11 (2) 2(3) 11(20) 
-324 739 3368 
C(3) 4679(8) 6264(10) 3908(3) 108(11) 109(17) 11(1) 
-14 (10) I (3) 
- 12 (3) H(21) 
-1074 1005 3938 
C(4) 4068(8) 5780(12) 4384(2) 124 ( 11) 192(19) 8(1) 
-21 ( I 3) I ( 2) 
- 15(4 ) 11(22) 
-832 3574 3366 
C(5) 5345(8) 3193( 11) 371 I (3) 92 (II) 141 (17) 12(1) 35 ( 11) 4 (3) 5(3) H(23) 
-540 3827 3925 
C(6) 4403(9) 1819(11) 3971 (3) 131 ( I 2) 151 ( 18 ) 9(1) 12( 12 ) 
-2(3) 4(3) 
C(7) 1524 (9) 853(11) 3978(2) 169(13) 96(16) 11 (I) 
-8 (13) 7 (3) 6(3) 
C(8) 
-117(9) 1375(10) 3723(3) 141 ( 13) 100(18) 14 tl) 
-37 ( 11) 11 (3) 2(3) 
Footnotes : 
• Numbers In parentheses 
are estimated standard deviations ri~ht adjusted t o the least significant digit of the 
preceding number . 
b 
Hydrogen atom positions were calculated as follows : Te trahedral primary 
'dN-11 0.95A; tetrahedral secondary N, dN-H = 0 . 89A; 
methylene C, dC-IJ • 
0 
l . 0 84A -
C 
Hydrogen atoms are numbered sequentially around the chelate rings from atom N(l) to atom N(5) . 
d The fono of the anisotropic temperature parameter T i 5 : 2 k2822 2 
• 2hk812 T • exp ( - I h 011 • l 833 • 2hl 813 • 2kl823] J 
C 2 lit~,,,, Hllili l '1 N 1 
Cs 
N1 
Ns 
NJ 
Figure I.11 ] 2+ h . Perspective view of sym- [Co(trenen)N3 complex ions owing thermal vib rat i on ellipsoids. 
Figure I.12 
., 
I 
I 
I 
I 
---
Perspective diagram of the uni t cell of syrn-[Co(trenen)N3](N03) 2 .H20 
as viewed down the b-axi s. The a-axis is vertical and the 
c-axis is horizontal. 
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TABLE 1.9 
HYDROGEN BONDS IN THE [Co(trenen)NJ_QiQ.3,L2..:..!:!_20 CRYSTAL 
a 
0 Atoms X-H ...• Y Atoms Y .... H-X d(X .... Y) A 
0(7)-H .... 0(5) 0(5) .... H-0(7) 2.94 
i i 0(7)- H .... 0(6) 0(6) .. . . H-0(7) 3.01 
iii ii 3.16 C(6) - H ..•. 0(7) 0(7) .... H_ C(6) 
N(l)-H .... 0(3)iv 0(3) .... H-N(l) vi 2.90 
V vii 2.95 N(l)- H . . .. 0(3) 0(3) .... H- N(l) 
N(3)- H .... 0(5) viii 0(5) .... H- N(3) ix 2.99 
vi iv 
3.00 N(3)- H .... 0(6) 0 ( 6) .... H -N ( 3) 
V vii 
2.98 N(4)- H .... 0(2) 0(2) .... H- N(4) 
iv vi 3.00 N(5)- H ..•. 0(1) 0 (1) .... H- N ( 5) 
vi iv 3.04 N(S)- H .... 0(4) 0(4) .... H- N(5) 
Atoms Angle (deg.) Atoms Angle (deg.) 
0(7) ..•. 0(5)_ N(lO) 115 i i 0(7) .... 0(6) _ N(lO) 122 
ii ii 162 ii ii 90 0(7) .... C(6) -N(4) 0(7) .... C(6) -C(5) 
iv iv vi vi N(l) .... 0(3) 
- N(9) 114 0(3) .... N(l) _Co 115 
vi vi V V 0(3) .... N(l) 
-CCI) 121 N(l) .... 0(3) - N(9) 109 
vii vii Vii Vii 0(3) .... N(l) 
-Co 110 0(3) .... N(l) _ C(l) 107 
ix ix Vlll Viii 0(5) .... N(3) - Co 125 N(3) .... 0(5) -N(lO) 104 
vi vi ix ix N(3) ...• 0(6) - N(lO) 106 0(5) .... N(3) _C(4) 102 
iv iv iv iv 0(6) .... N(3) - C(4) 109 0(6) .... N(3) _co 112 
vii vii V V 0(2) .... N(4) 
- Co 118 N(4) .... 0(2) _ N(9) 111 
Vll vii Vii ·, 0(2) .... N(4) 
- C(7) 107 Vll 96 0(2) .... N(4) - C(6) 
vi vi iv iv 0(1) .... N (5) - Co 113 N(5) .... 0(l) _ N(9) 122 
N(5) .... 0(4)vi_ N(lO)vi 127 vi vi 0(1) .... N(5) - C(8) 94 
iv iv iv iv 0(4) .... N(5) - C(8) 109 0(4) .... N(5) _ Co 108 
a Symmetry transformations are as follows: 
i 
= -x, 1 -y,-z ii 1 i ½ = - x, + y, - z 
iii 
= 1 - x, - ½ + y, ½ - z iv , + = - x, - y, ½ - z 
V 
= x, - 1 + y, z vi , + ½ = - x, y, - z 
Vii 
= x, 1 + y, z 
viii ½ ½ = x, -y. +z 
iX 
. = x, ½ - y, ½ + z 
X 
= 1 - x, 1 - Y, 1 - z . 
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In addition each water molecule H-bonds to two adjacent nitrate groups 
and makes a weak O •••• H-C type interaction with a nearby cation. The 
H-bonding scheme is complex and ia shown partly in Figure I.12. 
Closest non-bonded contacts occur between cations and nitrate anions, 
and are as follows: N(7) • ••• 0(6)vi, 3.19A; N(7), ••• 0(3)iv, 3.20A; 
N(8) •••• 0(3)iv, 3. 26A; C(1) • • • • • 0(2)iii, 3.1sX; C(8) ••••• 0(3)v, 3.30A; 
C(7) ••••• 0(6)ivj 3.30A (symmetry transformations are given in footnote 
to Table I.9). 
Description of the Complex Cation. Perspective views of the 
complex are given in Figures I.11 and I.13. Clearly, the tetraen ligand 
is not the linear form but a branched chain isomer, 4-(2-aminoethyl)-
4,4,7,10 tetra-azadecane (abbreviated trenen). The ligand is coordinated 
quinquedentate in a symmetrical manner about the metal ion. If the 
puckering of the chelate rings is neglected, there is amirrorplane through 
the coordination plane containing the atoms N(2), N(4), N(5), N(6) and Co • 
For this reason the complex has been named( 49 ) ~ [Co(trenen)Ny 2+. 
Azide ion is coordinated to the metal ion at the remaining octahedral 
site. 
-
An interesting feature of the complex cation is that the asymmetry of 
the ion is derived soley from the asymmetric ,sec-N atom, N(4). Inversion 
at this sac-N centre produces the enantiomerio form of the complex. Also 
the chelate rings are puckered and the conformations are discussed in some 
detail later. Intramolecular bond distances and angles are given in 
Tables I.10 and I.11. With the exception of one bond all the Co(III)-N 
bond distances are within 1 o of their mean value of 1 .957(3)A. The 
Co 
--
Figure I. 13 2+ Perspective view of sym-[Co(trenen)N3] comp lex 10n 
showing chelate ring conformations. 
Atoms 
CO-N(l) 
Co--N(2) 
Co--N{3) 
Co--N(4) 
Co-N{5) 
Co--N(6) 
N{l)--C(l) 
C(l)--C(2) 
N (2)---{: (2) 
N(2)--C{3) 
N{9)-0{l) 
N (9)--0 (2) 
N(9)--0{3) 
TABLE I .10 
INTRAMOLECULAR DISTANCES FOR 
Distances within [Co(trenen) N3]
2
+ cation 
0 
Distance (A) Atoms 
1.957(5) N (2)--C (5) 
1.954(5) C(3)-C(4) 
1.992(5) N(3)---{:(4) 
1.952(6) C(5)-C(6) 
1. 964 (5) N(4)-C{6) 
1.957(6) N ( 4 )--C (7) 
1.493(7) C (7)--C (8) 
1.525(9) N (5)-C (8) 
1.488(7) N{6)--N(7) 
1.490(8) N(7)--N(8) 
-· 
Distances within No3- anions 
1.238(7) 
1.257(6) 
1.252(7) 
N(10)~(4) 
N{l0)~{5) 
N{l0)--0(6) 
Distance 
1.510(9) 
1.509(9) 
1.499(8) 
1.536(10) 
1.452(8) 
1.483 (8) 
1. 520 (10) 
1.477(9) 
1.209(7) 
1.152(7) 
1.237(8) 
1. 242 (7) 
1.255(7) 
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0 
(A) 
Atoms 
N (1 )---CO-..N ( 2) 
N ( 2 )-Co-N ( 3) 
N(2)-Co--N(4) 
N(4)-Co--N(5) 
N(l)--Co--N(6) 
N(2)-Co-N(6) 
N(3)--Co-N(6) 
N(5)-Co--N(6) 
N (1 )-Co--N (5) 
N (3)-Co--N (5) 
N (3)--Co--N ( 4) 
N (1)-Co-N ( 4) 
Co-N ( 1 )-C ( 1 ) 
N (1 )--C (1 )--C (2) 
C (1)-C (2)--N (2) 
Co N(2)--C(2) 
Co N(2)-C(3) 
O(l)__N(9)_G(2) 
0 (1)-N (9)--0 (3) 
0(2)-N(9)--0(3) 
TABLE I.11 
INTRAMOLECULAR BOND ANGLES FOR 
[Co(trenen)N3] (N03) 2.H20 
Angles within [Co(trenen)N3]
2
+ cation 
Angle (deg.) Atoms 
86.9(2) CO-..N (2)-£ (5) 
84.7(2) C(2)--N(2)--C(3) 
87.0(2) C (2)--N (2)--C (5) 
85.6(2) C(3)--N(2)--C(5) 
87.3(2) N (2)--C (3)-C ( 4) 
93.5(2) C (3)--C ( 4 )-N (3) 
86.7(2) Co--N (3)-----{: ( 4) 
94.0(2) N(2)-C(5)-C (6) 
94. 8 (2) C(5)-C(6)--N(4) 
94.4(2) C(6)--N( 4 )--C (7) 
94.6(2) Co- N(4)-C(6) 
91. 5 (2) Co- N(4)-C(7) 
110.5(3) N ( 4 )--C (7)--C (8) 
.• 
107.7(5) C(7)--C(8)--N(5) 
108.1(5) Co N(5)--C(8) 
106.9(3) Co N(6)-N(7) 
106.6(4) N(6)-N(7)-N(8) 
Angles within No3- anions 
120.6(5) 
120.9(5) 
118.5(5) 
0(4)-N(I0)--0(5) 
0(4)-N(I0)--0(6) 
0(5)-N(I0)--0(6) 
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Angle (deg.) 
109.1(4) 
111.1(5) 
111.0(5) 
111.9(5) 
107.7(5) 
108.5(5) 
111.1(3) 
111. 7(5) 
107.3(5) 
117.4(5) 
109.1(4) 
109.3(4) 
107.0(5) 
108.8(6) 
110.9(4) 
119.0(5) 
176.4(9) 
121.0(6) 
120.3(6) 
118 . 7(7) 
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Co-N(3) bond distance of 1.992(5)A is 7a from this mean value. (Estimated 
standard deviations are given in parenthese~ right-adjusted to the least 
significant figure of the previous nwnber). This bond lengthening might 
be explained on the basis of unfavourable steric interactions between 
hydrogens on N(3) and hydrogens on the adjacent chelate rings. Clearly, 
the cobalt(III)-azide bond (1.957(6)A) is not significantly different 
from the cobalt(III)-amine mean value. However, it differs by 30 from 
the cobalt(III)-azide distance of 1 .943(5).A as found in the [ C~(.NH'.3)5'N3] (p3)2 
crystal structure.(51 ) 
In the azido group the N-N bonds are not equivalent but are collinear 
and the bond angle to the metal ion is 119.0(5) 0 compared to 124.8(2) 0 in 
[Co(NH3)5N3]
2+,(51 ) The unequal azide bonds in this complex, N(6)-N(7), 
1.209(7).A and N(7)-N(8), 1.152(7)A are similar to those found in 
[Co(NH3)5N3J
2
+, being 1,208(7)1 and 1,145(7)1 reapectively,( 51 ) In both 
structures the azido group is coplanar with the metal ion and three other 
ligating nitrogen atoms. In the present structure the least sterically 
hindered orientation for the azido group would be midway between N(1) 
and N(5) rather than ·eclipsing the Co-N(5) bond. This feature of 
coordinated azide might be explained by a bonding requirement. If some 
TI-bonding occurred between the filled dxy orbitals on the metal and the 
unfilled antibonding TI-orbitals of the azide ion, maximum orbital overlap 
would be obtained for an eclipsed configuration. Eclipsing of the azide 
ion with the Co-N(5) bond in the present structure involves less steric 
interaction than eclipsing with any of the other three Co-N bonds. 
However, more structural data is needed to establish this bonding 
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requirement with certainty. 
The five membered chelate rings subtend less than 90° angles at the 
metal ion (mean value= 86.1(1) 0 ). These angular distortions mean that 
the coordination geometry cannot be strictly octahedral • . Deviations of 
the ligating atoms and the metal ion, from their mean coordination planes 
are given in Table I.12. 
Conformations of the Chelate Rings. Figure r.13 gives a 
perspective view of the chelate ring conformations, and indicates the 
chirality of each puckered five membered ring for that enantiomer. The 
chelate ring conformations are determined primarily by the configurations 
at the secondary nitrogen, N(4) and the tertiary nitrogen atom, N(2). The 
deviations of chelate ring carbon atoms from their respective N-Co-N planes, 
and the dihedral angles about the C-C bonds are as follows: 
c(1), o.01X, c(2), -o.56A, 47.0°; c(3), -o.75A, c(4), -o.1BA, 43.8°; 
c(s), 0.13A, c(6), o.64A, 38.5°; c(7), 0.51A, c(8), -o.11X, 45.4°. 
Clearly, the puckering of the chelate rings in all instances is very 
unsymmetrical. The small torsion angle (38.5°) about the C(5)-C(6) bond 
compares with the value (37·.0°) found for the central chelate ring of 
trien in (Co(trien)Cl0H2J
2+(Chapter 2). This is not surprising since in 
the present structure the ligand can be considered as ~-trien with an 
aminoethyl substituent at the 'angular' nitrogen atom, N(2). 
Chemical Significance of this Structure. This structural 
analysis has revealed a new and interesting bifurcated quinquedentate 
ligand, 4-(2-aminoethyl)-1,4,7,10-tetra-azadecane (trenen). There are 
three other possible modes of coordination of this ligand about cobalt 
(III) and these are shown in Figure I.14. 
TABLE I.12 
LEAST SQUARES PLANES 
(a) Equations of planes AX+ BY+ CZ+ D = 0 
where X = ax, Y = by, Z = cz. 
Atoms included in plane 
Co, N(l), N(4), N(3), N(6) 
Co, N(2), N(4), N(5), N(6) 
Co, N(l), N(2), N(3), N(5) 
Plane No. A B 
1 0.9583 0.2783 
2 0.0059 -0.2167 
3 -0.3003 0.9272 
(b) Distances of atoms from planes 
0 
Atoms Deviations (A) 
Plane 1 Plane 2 
Co 
-0.06 0.00 
N(l) 0.09 
N(2) 
-0.02 
N(3) 0.09 
-· 
N(4) -0.06 0.02 
N (5) 
-0.02 
N(6) -0 .07 0.02 
C 
-0.0654 
-0.9762 
-0.2240 
from 
Plane 3 
0.01 
0.11 
-0 .13 
0 .11 
-0 .11 
D 
-0. 8846 
10.3331 
-0.5566 
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r Ne;, 
N3" \ 7/N 
Co/ 
Ne(' I "N 
N 
(a) 
...--N ----. 
N3\, I ///N 
. / Co 
H-N1/ I "N 
N 
(b) 
N I 
N3, I /,;N 
Co/ 
/"-
N -----...-..,_J N 
I 
N 
(c) 
Figure 1.14 Diastereoisomeric forms of the fCo(trenen)N 3J
2
+ complex ion. 
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Two of t hese isomers are diastereoisomers (Figure I.14a,b) differing only 
in the configuration at a 'planar' asymmetric sec-N atom. Therefore, these 
two isomers are potentially interconvertible by inversion at this sec-N 
2 I 
centre. Two more 1Co(trenen)N
3
] + isomers have been prepared and 
(49) . 
separated on an ion exchange column but they have not yet been isolated 
and chemically characterised. 
As mentioned e~rlier, apart from the chelate ring conformations, the 
only source of asymmetry in the present complex,~ -[Co(trenen)N3] 
2
+ 
is the asymmetric sec-N centre, N(4) (Figure 1.13). Further, this site of 
·asymmetry is trans to the substituent group. Hence this complex is 
particularly interesting from a kinetic and mechanistic viewpoint since 
removal of a proton from this sec-N centre, by hydroxide ion, allows the 
complex to racemise and hydrolyse . Also this centre will be the first to 
deprotonat~ since the proton is more acidic than any other N-H proton 
on the ligand by a factor of 105 • 
The rates and rate laws for base hydrolysis of a series of optically 
active ~CO(trenen)X] 2+ (wher~ X = Cl-, N3) complexes were obtained.(52 ) 
These studies were carried out to examine the SN1CB mechanism and the 
--
possibility of a Il-stabilised f1ve coordinate intermediate proposed for the 
base hydrolysis of these types of complexes.( 53 ) It was shown( 52 ) for 
the chloro complex that the base hydrolysis reaction path occurred with 
full retention of configuration. This result eliminated the possibility 
of forming a symmetrical five coordinate intermediate in this system 
(see Figure I.14). Retention is not too surprising since a symmetrical 
intermediate would involve conformational .strain introduced by the 
eclipsing of all the protons for two coupled five membered chelate rings 
(Figure r.14-A). 
Another interesting feature of the structure is that inversion at 
the se c-N centre, N(4) must be synchronous with conformational inter-
change of the adjacent coupled chelate rings. In contrast to inversion 
in [Co(NH3)4Meen]
3+ (Meen = N-methylethylenediamine) where conformational 
interchange could precede or a.ntecede. the process. The synchronous 
conformational interchange is reflected in a higher retention ratio, 
~
8
Jkrnvin ~ - [Co(trenen)N3J2+, (2.3 x 106) than in fCo(NH3)4Meen J3+, 
(1 .2 X 105).(54) 
.. 
Figure I. 14A 
.• 
.. 
Symmetrical fi ve coordinate intermediate for 
the base hydrolysis of sym[Co(trenen)X] 2+ 
complex ions. 
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CHAPTER 4 
The Crystal Structure and Absolute Configuration of 
L-S2-RRS-(triethylene-tetramine-S-proline)co~alt(III)diiodide dihydrate 
4.1 Introduction 
As discussed earlier (Chapter 1), in recent years there have 
been a number of studies on cobalt(III) complexes containing coordinated 
asymmet:ric secondary nitrogen atoms . Por the complexes of [Co(en) 2sar]
2
+ 
(11 , 12 ) and ~2-[co(trieh)sar]
2+ ( 55 ) it was shown that the coordination 
of sarcosine is stereospecific with respect to the asymmetric N-methyl 
centre. Thus, for a given absolute configuration about the cobalt ion, 
only one configuration is allowed for the N-methyl group of sarcosine. 
This has been established by showing that under conditions where proton 
exchange is very rapid at·. this N-centre, mutarotation is excluded. (11 , 12 ) 
IDlese results have led to the possibility of a completely stereo-
specific synthesis if the centre at nitrogen can be forced to adopt a 
fixed configuration. This might be accomplished using S-proline as the 
ligand, where the configuration at nitrogen is determined by the con-
figuration at the ~-carbon atom by virtue of the five membered ring which 
links these two atoms. 
Two [Co(trien)(S-Pro)] 2+ species have been shown to be formed from 
the reaction mixture in approximately equal amounts. Optical rotatory 
dispersion and circular dichroism spectra indicate that these two 
complexes have mirror image configurations with respect to the cobalt 
ion.( 1B) Evidently the synthesis, which is conducted under non-equilibrium 
42 
conditions, shows very little stereoapecificity. 
Comparisons with the L(-) 589-~2-RRS-[Co(trien)sarJ
2+ and 
D(+)589- ~2-SSR-(Co(trien)sar]
2
+ complexes(55) indicated that the most 
probable structure of the proline complexes (see Figure I.15) were 
L(-)589-~2-RRS-[Co(trien)(S-Pro)J 2+ and D(+)589-~2-SSS-[Co(trien)(S-Pron 2+ 
(The absolute configurations for the asymmetric sec-N atoms of ~-ICo(trien)-
( amino acid)J 2+ complexes, using the R, S nomenclature, are given in the 
order, 'angular', 'planar' trien sec-N atoms followed by the amino acid 
sec-N centre). The possibility of other isomeric species, particularly 
with regard to the mode of chelation of the trien moiety, could not be 
excluded. Further, the lack of stereospecificity in this system was not 
understood. 
For these reasons the crystal structure analyses of the two isomeric 
forms of [Co(trien)(S-Pro)J 2+ were undertaken. This chapter describes 
the crystal and molecular structure of the (-)589 [co(trien)(S-Pro)J
2+ 
isomer. Unf'ortunately this complex could be obtained in a form suitable 
for a single crystal study only. as the diiodide salt. The large contrib-
utions by the iodine atoms to the X-ray scattering reduce the precision 
with which the parameters of the lighter atoms can be determined. 
4.2 Experimental 
Crystal Data. (-) 589-[co(trien)(S-Pro)]r2 .2H20 forms dark 
orange crystals which are stable to both air and X-irradiation. The unit 
cell is orthorhombic with a= 9.12(1)A, b = 14.43(2)A, o = 14.90(2)A, 
U = 1960.8A3, D = 2.03 g.cm-3 (by flotation in bromoethane/methanol), 
m 
(N H 
N __ , 
/
/~ ~N . 
H~N?co, /\ 
"-----YN / C, 
I H 
0 
L-8 2-RRS-[Co(trien) (S-Pro)]
2
+ 
N\ 
H-N I/~\ 
\~Co H J H 
\ / ~N1/ ~
I 
H..-C 
0 0 
D-B 2-SSS-[Co(trien) (S-Pro)]
2
+ 
Figure I . 15 Proposed structures for [Co(trien)(S-Pro)] 2+ isomers. 
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-3 . Z = 4, Dx = 2.06 g.cm for c11 H30N5o4I 2Co with F.W. = 609.2, µCu.Ka.= 
318.0 cm-1 • The space group is P212121 (D;; No 19) from systematic 
absences of reflections (h00 absent for h = 2n + 1, 0k0 fork= 2n + 1, 
001 for 1 = 2n + 1). The unit cell dimensions were calculated from the 
values of Q for a number of zero and upper layer reflections measured on 
an equi-inclination di.f'fractometer with Ni-filtered CuKo. radiation 
X-ray Data Collection and Reduction. A well-formed crystal of 
dimensions 0.12 x 0.18 ~ 0.11 mm parallel to a, band c was mounted about 
its a-axis for data collection. The intensity data were recorded on an 
automated Buerger-Supper equi-inclination diffractometer, using an early 
version of the control program described by Freeman, Gusa, Nockolds and 
Webster.(SO) The reflection indices hkl, setting angles¢ (crystal) and 
y (count~r), and scan range w were input from punched paper-tape. The 
background and peak intensities B1 ,P,B2 were recorded under computer 
control, using a sequence of operations analogous to that described earlier 
(see Chapter 2). 
-· 
A fully stabilised X-ray generator provided Ni-filtered CuKo.. radiation. 
A scintillation counter (Philips f'W 1964/10) and pulse-height analyser 
· (Philips PW 4280) were used. 0 A fixed angle of 2 50' was subtended at the 
crystal by the counter aperture. The maximum observed count rate was 
below the region where coincidence losses were significant and therefore 
no attenuation of the X-ray beam was necessary. The scan-range was 
0 generally 3, being increased for very extended reflections. A constant 
scan speed of 2°/min was used. 
D O 0 ata were collected in the range 10 ~ y~ 140 for the zones Hkl 
(0~ H~ 9). -A number of reflections of the type hkl were also collected 
on each layer for later use in determining the absolute configuration 
of the structure by the anomalous dispersion ' method. The net count 
I(h.kl), for each reflection was calculated as I(hkl) = P - (B1 + B2 ) 
where P = spot count and B1 and B2 are the first and second stationary 
background counts. A reflection was considered unobserved if 
I(hkl) < 2 (B1 + B2)
1/ 2 • Ten zero-layer reflections were measured after 
the completion of data collection for each reciprocal layer. Scale 
factors between the ten sets of standard reflections, calculated by least 
squares,( 22 ) indicated that crystal decomposition was negligible. 
Lorentz-polarization_conections were applied and corrected relative 
structure factor amplitudes IF (hkl)I obtained. Estimated standard 
0 
deviations in the relative structure factor amplitudes (observed and un-
observed) were calculated using the method due to Hoard and Jacobson.( 20) 
The values of~,~ and~ used in this expression were 0.02, 0.05 and 0, 
respectively. Absorption oorr~otions were applied using the method of 
Coppens, Leiserowitz and Rabinowich,( 21 ) with a 6 x 6 x 8 grid parallel 
to the a, band c axes respectively. A total of 1825 independent 
reflections of the type hkl were recorded, of which 408 were unobservably 
weak. 
Solution and Refinement of the Structure. The structure was 
solved by the use of a sharpened Patterson synthesis and standard Fourier 
syntheses. A (F - F1 )-synthesis in the later stages of the solution 
0 C 
indicated the presence of two non-coordinated water molecules. Full-
matrix least-squares refinement was carried out, minimising the function 
r:w( IF 1-s lF 1)2 where weights W = 1/o2(F) ands= inverse of scale factor 
0 0 
to be applied to IF I. 
0 
' The unobserved data were assigned zero weights. 
After three cycles in which an overall scale factor, atomic co-ordinates 
an isotropic temperature factors were varied, the residuals R1 = fh /r: I F 
O 
I 
( 2 2)1 /2 and R2 = fJ/6 /L'NF O were O .106 and O. 079, 
An analysis of <1/6 2> in ranges of IF I and 
0 
respectively. (6= I IF 1-s IF II ) • 0 C 
sing/A indicate a systematic 
dependence on IF I. New weights were assigned by fitting the jF I dependence 
0 0 
to a modified Cruickshank function( 23 ) of the type W = K/ [1 + ((F
0
-p2)/p1 )
2J. 
The weighting scheme was modified after each subsequent refinement cycle. 
The final parameters were K = 0.075, p1 = 57.5 
After two cycles of anisotropic refinement, 
and p2 = 75.0. 
an (F - F) synthesis 
0 C 
showed no significant positive electron ·de~sity in positions expected for 
hydrogen atoms. The inclusion of hydrogen atoms · at their calculated 
positions caused no improvement in the residuals R1 and R2 • Hydrogen atoms 
were therefore not included in the refinement or subsequent structure 
factor calculations. Anisotropic refinement converged with residuals 
R1 = 0.066 and R2 = 0.071. The maximum parameter shift was 0.47 standard 
deviation in the final cycle oe least squares. A final difference Fourier 
had no positive maxima greater than 0.7 e/A3 except in the vicinity of 
the iodine atoms (maximum 1.3 e/A3). 
- 3+ Scattering factor tables used for I, Co , 0, N and C were those of 
Cromer and Waber( 24) and the anomalous scattering terms, 6f' and 6f", for 
I and Co were those listed by Cromer.( 27 ) Observed and calculated 
structure amplitudes are compared in Table I.13. The final atomic 
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positions and anisotropic thermal parameters are presented in Table I.14. 
As expected, the large X-ray scattering associated with the iodide and 
cobalt ions has reduced the precision and accuracy of the lighter atom 
parameters. Since data were recorded about only one crystal axis and 
with a fixed counter aperture, we make no deductions from the vibrational 
parameters. A single complex is shown in Fig. I.16, and a view of the 
unit-cell down the a-axis in Fig. r.17. 
Absolute Configuration. The compound waa known to contain a 
dissymmetric complex~ 18 ) Cobalt and iodine have relatively large ~f" 
terms for Cul(o. radiation (l>f"r = 6.68, l>f"co = 3.95),( 27 ) leading to the 
possibility of determining the absolute configuration of the complex 
cation by the anomalous dispersion method. 
The fully refined atomic parameters were used to calculate structure 
amplitudes for reflections of the type hkl. Table r.15 compares values of 
IF land IF I for the Bijvoet pairs which gave the most significant 
0 C 
differences between IF (hkl)I and IF (hki)I. For each pair the present 
C C 
parameters give the best agreement between observed and calculated 
structure factor amplitudes. The parameters listed in Table I.14 and the 
structure as drawn in Figure I.16 show that the (-)589-[co(trien)(S-Pro)]
2
+ 
ion has the L absolute configuration. 
Description of the Structure 
Description of the 1-~2-RRS- [Co(trien)(S-Pro)J
2
+ Cation. 
Intramolecular bond distances and angles with their estimated standard 
deviations are given in Tables I.16 and r.17. The Co111-N bond distances 
TABLE I .14 
FRACTIONAL ATOMIC POSITIONAL PARAMETERS A.~D ANISOTROPIC TEMPERATURE FACTORS FOR 
L(-) 58962-RRS-(Co(trien)(S-Pro)]I 2 .2H20. 
a,b 
Atom 104x 10\:. 10
4
z 
4 4 4 4 1045 4 
- --
~ 10 622 10 633 10 612 __ 1_3 10 623 
I ( 1) 5169(2) 4140(1) 1082(1) 0147(3) 0045 (1) 0031(1) 0013(1) 
-0001 (1) 0005 (1) 
I ( 2) 1822(2) 1223(1) 1897(1) 0127(3) 0055(1) 0057(1) 0021(1) 0002 (2) 
-0015(1) 
Co 6366(4) -0054(2) 1020(2) 0094(5) 0027 ( 2) 0030(2) 0005(2) 0004(3) 
-0003(2) 
0( 1) 8577(23) -1618(11) -0639 ( 13) 0176(35) 0037(9) 0062(11) 0016(15) 0002(16) 0014(8) 
0(2) 6878(18) -0770 (10) 0013(10) 0090(22) 0034 (8) 0039(8) 0011 ( 13) 0020(11) 
-0004(7) 
0 (3) 3535 (20) 2052(11) 3949(13) 0144(28) 0047(9) 0060(10) 0016(13) 
-0005 (16) 0006(10) 
0(4) 8679(32) 1070(20) 3088(17) 0336(57) 0134(22) 0083(15) -0092(30) 
-0044(26) 
-0011(16) 
N(l) 5370(21) -1124(14) 1549(13) 0080(27) 0049(11) 0049(10) 
-0050 (15) 
-0000(13) 0005(9) 
N(2) 4508(21) 0214(13) 0467(12) 0095(29) 0045(11) 0038(10) -0005(14) 0032(14) -0015(9) 
N(3) 7059(26) 1088(12) 0441 (12) 0167(36) 0030 (11) 0035(10) 0024(17) 0013(16) 0006(8) 
N(4) 5964 (22) 0720(12) 2074(12) 0131 (31) 0025(9) 0037(10) 0013(14) 0024(15) 
-0010(8) 
N(5) 8317(24) -0392(13) 1490(12) 0129(32) 0033(9) 0032(9) 0015 ( 15) 0008 (15) -0001(8) 
C(l) 3768(31) -1151(17) 1253(14) 0179(44) 0032(12) 0027(11) 0005(19) 0006(18) 0001 (9) 
C(2) 3671(30) -0683(18) 0355(18) 0142(41) 0044 ( 15) 0052(14) 0033(20) -0043(21) -0020(12) 
C(3) 4786(34) 0651 (18) -0393(14) 0182(46) 0064 ( 16) 0019(9) -0004(24) 0016(20) 0025(10) 
C(4) 5850(35) 1468(20) -0176(19) 0178(51) 0056(19) 0056( 16) 0002(24) -0030(24) 0045(14) 
C(5) 7393(27) 1796(15) 1157(19) 0123(37) 0027(11) 0060 ( 14) -0010(16) -0032(22) 0021 (12) 
C(6) 6174(32) 1737(18) 1832(18) 0179(47) 004~(14) 0048 (14) 0009(21) 0076(24) 0009(12) 
C(7) 8506(33) - 1005(20) 2302(16) 0156(47) 0065 ( 18) 0034(11) -0022(24) -0019(19) 0020(12) 
C(8) 9991(30) -1446(16) 2176(17) 0091(36) 004~(13) 0058(14) 0007(19) 0003 ( 22) 0006(11) 
C(9) 9922(29) -1770(16) 1167(19) 0102(36) 004J(l3) 0065 (15) 0040 (19) 0008(25) 0012(13) 
C( 10) 9191(26) - 0886(16) 0749(14) 0108(35) 0027(11) 0029(10) 0013(17) -0020 (15) -0004(!1) 
C(ll) 8119(30) -1133(17) -0001 ( 17) 0102(35) 0041(13) 0047(14) 0000(21) 0024(20) -0013 ( 11) 
a Numbers in parentheses are estimated standard deviations right -adjustej to the least significant digit of the preceding number. 
b The form of the anisotropic parameter 
Tis : T = exp {-[!!_2611 +~
2622 +!_2633+2hk6 12+2~613+2k t6 23 J} -+:::-00 
j 
Figure I. 16 2+ Perspective view of the L-S2-RRS-(Co(trien)(S-Pro)] 
complex ion. 
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Figure I.17 
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Perspective view of the unit cell of 
L-s2-RRS-(Co(trien)(S-Pro)]I 2 .2H20 as viewed 
down the a-axis. The b-axis is vertical and the 
c-axis is hor izontal. 
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TABLE I.15 
BIJVOET PAIRS FOR ABSOLUTE CONFIGURATION OF 
(Structure amplitudes in electrons, XlO) 
IF (hkt) I 
0 
IF (hktl 
C 
IF (hk£) I 
0 
IF (hk£) I 
C 
1 1 1 827 934 1053 999 
2 1 1 858 894 987 947 
4 1 1 1354 1361 1280 1232 
1 2 1 1143 1164 1202 1211 
2 2 1 2525 2425 2716 2622 
1 3 1 1332 1315 1469 1385 
2 4 1 398 419 510 489 
5 5 1 474 433 566 486 
6 9 1 229 244 321 327 
1 2 2 622 633 784 737 
2 1 3 727 .- 731 863 836 
3 2 3 236 255 156 180 
4 2 3 645 687 820 833 
2 3 3 763 748 976 876 
1 5 3 921 947 1095 1083 
6 8 3 450 481 388 386 
4 5 4 341 294 200 194 
1 6 5 1034 1129 1239 1204 
5 7 5 625 643 771 734 
2 4 6 1016 1053 1237 1162 
TABLE I .16 
INTRAMOLECULAR DISTANCES FOR 
a L-B2-RRS-[Co(trien)(S-Pro)]I 2 .2H20 
Distances within L-B2-RRS-[Co(trien)(S-Pro)]
2
+ cation 
0 
Atoms Distance (A) Atoms Distance 
Co -N(l) 1.957(18) N(3) -C(4) 1.54(3) 
Co-N(2) 1.924(21) N(3) -C(5) 1.51(3) 
Co-N(3) 1.965(19) C (5) --C (6) 1.50(4) 
Co-N(4) 1.963(17) N(4) -C(6) 1.52(3) 
Co- N(S) 1.973(21) N(5)-C(7) 1.51(3) 
Co-0(2) 1.880(14) N(5)-C(l0) 1.54(3) 
N(l)-C(l) 1.53(3) C(7)-C(8) 1.51(4) 
C(l)-C (2) 1.50(3) C(8) -C(9) 1.58(4) 
N (2}-C (2) 1.51(3) C (9) _c (10) 1.57(3) 
N(2)-C (3) 1.45(3) C ( 10 )_C ( 1 1 ) 1.53(3) 
C(3)-C(4) 1.56(4) 0(1) -C(ll) 1.25(3) 
0(2) -C(ll) 1.25(3) 
0 
(A) 
a Numbers in parentheses are estimated standard deviations 
right-adjusted to the least significant digit of the preceding number. 
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Atoms 
N(l)-Co-N(2) 
N(2)-Co-N(3) 
N(3)-Co-N(4) 
0(2)-Co-N(5) 
N(l)-Co-N(4) 
N(2)-Co-N(4) 
N(l)-Co-N(5) 
N(5)-Co-N(4) 
N(l)-Co-0(2) 
N(2)-Co-0(2) 
N(3)-Co-0(2) 
N(3)-Co-N(5) 
Co-N(l)-C(l) 
N(l)-C(l)-C(2) 
C(l)-C(2)-N(2) 
C(2)-N(2)-Co 
Co-N(2)-C(3) 
N(2)-C(3)-C(4) 
C(2)-N(2)-C(3) 
TABLE I.17 
INTRAMOLECULAR BOND ANGLES FOR 
Angle (deg.) Atoms 
85.5(9) C(3)-C(4)-N(3) 
85.8(9) C(4)-N(3)-Co 
86.2(8) Co-N(3)-C(5) 
85. 7 (7) N(3)-C(5)-C(6) 
92.2(8) C(5)-C(6)-N(4) 
93.6(8) C(6)-N(4)-Co 
94.6(9) Co-N(5)-C(10) 
91.4(8) N(5)-C(7)-C(8) 
90.2(8) C(7)-C(8)-C(9) 
89.3(7) C(8)-C(9)-C(10) 
91.8(7) C(9)-C(10)-N(5) 
94. 2 (9) C(l0)-N(5)-C(7) 
110.4(1.6) Co-N(5)-C(7) 
.• 
107.6(2.1) C (9) -C (10) -C ( 11) 
104.9(1.9) N(5)-C(10)-C(ll) 
108.6(1.4) C(lO)-C(ll)-0(1) 
108.2(1.6) C(lO)-C(ll)-0(2) 
104.7(1.9) O(l)-C(ll)-0(2) 
111.3(1.9) Co-0(2)-C(ll) 
a 
Angle (deg.) 
107.5(1.9) 
109.4(1.7) 
108.8(1.3) 
106.6(1.9) 
107.9(1.9) 
109.6(1.4) 
109.1(1.3) 
104.5(2.0) 
102.0(2.0) 
98.9(1.7) 
108. 2 (1. 8) 
104.2(1.7) 
122. 2 (1. 7) 
111.9(2.0) 
107.6(1.8) 
118.2(2.3) 
118.1(2.0) 
123.4(2.5) 
118.0(1.6) 
a Numbers in parenthesis are estimated standard deviations right-adjusted 
to the least significant digit of the preceding number. 
5 1 
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although not chemically equivalent, differ by less than 3 standard 
deviations from their mean (1.96(1)A). 0 Comparable values are 1 .93(1)A 
in~- [Co(trien)ClOH2J(Cl04 )2 , (see Chapter 2), 1.96(2)A in 
trans -[Co(en) 2c12Js 2o6 .H2o,( 32 ) 1 .92(2)A in ,D-fCo(en) 2(~-glutamic acid)] 
Cl04(
33), 1.97(1)A in 1- [Co(en) 2sarcosine]I2.2H20(
12 ) and 1.94(2)A in 
[ (34) trans- Co(en) 2so3NCS] .2H20. The average C-N (1.52(1)A) distances 
in the trien ligand are similar to those found in the above trien and en 
structures. 
III o The Co -0(2) bond length (1.880(14)A) compares with 1.91(1) 
in 1- [Co(en) 2sarcosine]I2.2H20(
12 ) and 1.85(2) in D-[Co(en) 2-1-glutamic 
acid)]c10
4
.( 33 ) A large deviation (80) from the expected tetrahedral 
. 0 
bond angle occurs for the Co-N(5)-C(7) angle of 122.2(1.7) • Unfavour-
able steric interactions between hydrogens on the proline ring and the 
apical trien chelate ring might account for this distortion. 
Geometry of Coordinated Proline. The pyrrolidine ring is non-
planar. The deviation (0.70A) of the C atom C(8) from the mean plane y 
formed by N(5), C(7), C(9), C(10) (maximum deviation 0.01A) is similar to 
those in [Cu(DL-proline) 2] .2H20 (0.60A),(
21 ) and in hydroxy-1-proline 
(0.4.A).( 22 ) In all three structures the Cy atom is trans to the carboxyl 
C-atom. Average values for angles within the pyrrolidine ring are 10~(1) 0 
in the present structure, 104° in fCu(DL-proline ,l )] .2H2o(SG) and 106° in 
hydroxyl-L-pro~ine,( 57 ) indicating significant ring strain within the 
five membered ring. The carboxyl group is planar within the limits of 
precision. As has been found in other metal amino acid complexes,( 5B) 
the five membered chelate ring, formed by the coordinating amino acid, 
exhibits only a small degree of puckering. The maximum deviations from 
the mean plane are those of N(5) and C(10) (0.09A and 0.09A in opposite 
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se s es). From a comparison with other metal complexes of amino acids,( 58 ) 
t he C-0 bond-lengths in the carboxyl group should be unequal. The 
diffe r ence, if any, between them is not observable relative to their 
present standard deviations. 
Conformations of Trien Chelate Rings. The angles subtended 
at t he cobalt atom by the trien chelate rings are all equal to within one 
s andard deviation (mean 85.5(5) 0 ) compared with a mean value of 86.4(3) 0 
found in ~-[Co(trien)(ClOH2)]
2
+ (Chapter 2). These angles, coupled with 
that of the amino acid chelate ring (N(5)-Co-0(2), 85.7(7) 0 ), combine to 
produce significant distortions from regular octahedral coordination. 
The bonds from Co to 0(2), N(2), N(4) and N(5) are coplanar (Table I.18, 
plane 3), but significant deviations occur from the other two coordination 
planes (planes 1 and 2). 
The configuration at the asymmetric nitrogen atom N(2) of trien is the 
same as that found for ~-ICo(trien)(ClOH2)J
2
+ (Chapter 2). As might be 
expected, the conformations of the chelate rings are similar in the two 
structures. The outer chelate _rings adopt an unsymmetrical skew conform-
ation while the inner ring has both methylene carbon atoms on the same 
-
side of the central N(2)-Co-N(3) plane in an unsymmetrical envelope con-
formation . The distances of the ring carbon atoms from the r elevant 
N-Co-N planes and the chiralities of the chelate rings are: C(1), -0.01 
and C(2) , o.66.A,A; C(3), 0.77 and C(4), o.15A,o; C(5), -0.47 and c(6), 
0.20A,o ~ The torsion angles about the C-C bonds, progressing from N(1) 
to N(4), are 48.2°, 46.5° -and 49.0° respectively. 
TABLE I.18 
LEAST SQUARES PLANES 
(a) Equations of planes AX+ BY+ CZ+ D=0, where X = ax, Y = by, Z = cz. 
Atoms included in plane 
Co, N(l), N(2), N(3), N(5) 
Co, 0(2), N(l), N(3), N(4) 
Co, 0(2), N(2), N(4), N(5) 
(b) Distances of atoms 
Atoms 
Co 
0(2) 
N(5) 
N(l) 
N(2) 
N(3) 
N(4) 
Plane No. A 
1 0.2226 
2 -0.8894 
3 0.3990 
from planes. 
0 
Deviations (A) 
Plane 1 Plane 2 
-0.02 -0.04 
-0.09 
0.06 
-0.05 0.11 
0.07 
-0.05 0.11 
-0.09 
B 
-0. 5306 
0.2243 
0.7982 
from 
Plane 
-0.02 
0.02 
-0.01 
-0.01 
-0.02 
C 
-0.8179 
-0.3982 
-0.4512 
3 
D 
-0.1138 
5.7466 
-1 . 5848 
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Hydrogen Bonds and Non-bonded Contact s. Table I.19 lists the 
nydrogen bonds, identifies the proton donor and acceptor atoms, and shows 
. 
the releyant bonding angles. The asymmetric unit includes two molecules 
of water of crystallisation. Each complex cation is hydr9gen bonded to 
our H20 molecules (Fig. I.17). Two hydrogen bonds are of the type 
N-H ••••• O, in which the nitrogen atoms must be the donor atoms. One 
hydrogen bond links the uncoordinated O (carbonyl) atom of the proline 
residue to a water molecule 0(3), which is therefore the proton donor. 
Te ~ourth hydrogen bond has a geometrical configuration which can be 
described by a bii'urcated interaction to the two proline O atoms and a 
,ater molecule 0(4). The distances from 0(4) to 0(1) and 0(2) are 2.91 
and 2.95A respectively. The angle 0(1) •••• 0(4) 1 •••• 0(2) is ¼ 0 (symmetry 
transformations are given in footnote a, Table I.19). If a proton is 
placed 0.94A from 0(4) and along the bisector of 0(1) •••• 0(4)i •••• 0(2) 
then the distances H-0(1) and H-0(2) are 2.07 and 2.11A respectively. 
mhis hydrogen bonding geometry is remarkably similar to that found in 
crystals of perdeuterated violuric acid monohydrate.( 59 ) The comparable 
angle and distances between the deuterium atom (water molecule) and 
oxygen atoms of the water molecule :in violuric acid are 2. 79, 2.96A 
and 52° and 2.07, 2.10A respectively.( 59 ) 
Non-bonded contacts (<j.5A) involving water molecules are 0(3)ii•••••• 
c(11) , 3.41A; 0(4) •••••• N(5), 3.20A; 0(4) •••••• c(s), 3.28.A; 0(4) •••••• 
c(6), 3.11A; 0(4) •••••• C(7), 3.22A; 0(4)i •••••• c(11), 3.29A. Within 
this range there is one intercomplex contact, 0(1) •••••• C(1)vi at 
( )vii 3 .35A. The closest contact involving an iodide ion is 1(2) • 9 •••a O 4 
Atoms X-H .... Y 
iv 0(3)-H .... 0(1 ) 
ii N(l}-H .... 0(3 ) 
iv 0(4}-H .... 0(1 ) 
iv 0(4}-H .... 0(2 ) 
N(4}-H .... 0(4) 
Atoms 
i C(ll}-0(1) ..... 0(3) 
ii C(l)-N(l) ..... 0(3 ) 
ii Co--N(l) ..... 0(3 ) 
0(1)-0(3i) .... N(liii) 
i i C(ll)-0(1 ) .... 0(4) 
C (11)-0(2) ..... O (4 i) 
i Co--0(2) ..... 0(4) 
Co--N(4) ..... 0(4) 
C(6) -N(4) ..... 0(4) 
i 0(1) ... 0(4 ) .... 0(2) 
i i 0(1) ... 0(4 ) .... N(4 ) 
i i 0(2) ... 0(4 ) .... N(4 ) 
TABLE I.19 
HYDROGEN BONDS IN THE 
Atoms Y •••• H-X 
i 0(1) .... H-0(3) 
V 0 ( 3) .... H--N (l ) 
i 0(1) .... H---D(4 ) 
i 0(2) .... H-0(4 ) 
Angle (deg.) 
128 
103 
117 
86 
96 
95 
145 
111 
81 
44 
78 
.-
109 
a Symmetry transformations are as follows: 
none = x, y, z 
ii= 1-x, y-½, ½-z 
iv= 3/2-x, -y, ½+z 
vi= ½-x, -y, ½+z 
viii = x-1, y, z 
X = X, 1 +y, Z 
xii= ½+x ½-v 1-z , . , 
xiv= x, l+y, l+z 
i = 3/2-x, -y, z-½ 
iii = ½+x, ½+y, -z 
v = 1-x, ½+y, ½-z 
vii= ½+x, -y-½, -z 
ix= ½+z, ½-y, -z 
xi= ½-x, 1-y, ½+z 
xiii = x, y, l+z 
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a 
0 
d (X .... Y)A 
2.78 
2.91 
2.01 
2.95 
2.94 
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0 
at 3.38 . The identification of this as a weak hydrogen bond is marginal. 
Chemical Significance of this Structure. This structure analysis 
las sho,n that the lae;orotatpry (at A= 589 run) isomer isolated from the 
reaction of~- ~o(trien)(OH)(OH2)J
2
+ and S-proline(1B) is in fact 
1-~ - S-[Co( rien)(S-Pro)J 2+ (Fig. I.16). The coordination of trien in 2 
the ~-configuration supports earlier evidence( 55 ) that no ~-+a-trien or 
{3-+ t ... ans -trien isomerisation occurs during the formation of [ Co(trien)(S-
Pro)J 2+ from ~-[Co(trien)(OH)(H20)J
2
+. Trien coordinated in the ~-config-
uration potentially exists in two diastereoisomeric forms differing in 
the configuration at the asymmetric nitrogen centre N(2), (Fig. I.16). 
The present structure, in common with ~2-[Co(trien)(glyglyOEt) ]
3+( 48 ) and 
~-[Co(trien)(C lOH2)J
2
+ (Chapter 2), has that configuration at N(2) in 
which the proton is directed towards the apical chelate ring of trien. 
Thee structures support the conclusion that in general this configuration 
is the more stable for ~-trien.(B, 15) 
7he coordination of S-proline, with 0(2) trans to N(4) of trien 
(referred to as ~2)(
55 ), is in_.agreement with the prediction that large 
non-bonded interactions would occur in the alternative ~1-configuration. 
Steric considerations further imply that for the coordination of S-proline 
the mos stable configuration at cobalt would be L, which is the situation 
realised in this structure. As mentioned earlier, a species containing 
S-prolin but _having the opposite configuration at cobalt has been found 
i almost equal abundance.( 1B) This contradicts the complete stereo-
specificity predicted for this system. A crystal structure analysis of 
the (+) 589-[co(trien)(S-Pro)J
2+ complex is described in the next chapter 
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along wit a discussion of the relative stabilities of the two diastereo-
isomers. 
The absolute configuration as determined by the anomalous dispersion 
method confirms the assignment of configuration to S-pro~ine.( 60) More 
importantly, the absolute configuration of the complex confirms the 
assignment made by Douglas.( 17 ) It also supports the suggestion,( 61 ) 
that in ~-[Co(trien)x2]
2
+ complexes , a negative dominant circular dichioism 
coinciding with the first ligand field band is indicative of an 1 config-
uration about the cobalt centre. 
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CHAPTER 5 
The Crystal Structure and Absolute Configuration of 
J - ~2- SSS-(triethylenetetramine-S-proline)cobalt(III)tetrachlorozincate 
Introduction 
Most of the chemical background to the fCo(trien)(S-Pro~ 2+ 
isomers has been described in the previous chapter. However, there are 
a f ew features of the (+) 589-[co(trien)(S-Pro)J
2
+ ion which are worth 
elaborating. In particular, the formation of a dextro rotatory 
(A= 589nm) isomer was difficult to understand since Dre~ding models 
indicated that an isomer with the D configuration about the metal ion 
would be sterically unfavourable. The least sterically hindered and 
therefore the most probable dextro rotatory complex ion would be 
D-~2-SSS-[Co(trien)(S-Pro)J
2
+ (Fig. I.15). But even in this complex ion, 
an examination of rigid stereo models indicates that considerable steric 
repulsion would occur between the hydrogen atoms on the proline pyrrolidina 
ring and hydrogen atoms on the · apical trien ring. Perhaps even more 
puzzling was the equal·-abundance~ of the two fCo(trien)(S-Pro)J 2+ ions 
in the reaction mixture. Although, this lack of stereospecificity 
might be due to a kinetic rather than a thermodynamic effect. 
It was hoped that a crystal structure analysis would provide the 
answers to some of these questions. After considerable effort( 1S) the 
(+) 589-fco(trien)(S-Pro)J
2+ ion was crystallised as the tetrachloro-
zincate salt, in a form suitable for a single crystal study. 
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5.2 Experimental 
Crystal Data. (+)589-[co(trien)(S-Pro)] Znc14 formed orange 
crystals which were stable to both air and X-irradiation. The unit cell 
was monoclinic with a= 7.01(1)A, b = 15.58(2)A and c = ~.66(1)A, 
~ = 109.9(3) 0 , U = 992.0Z3, Dm = 1 .76 ! 0.02 g.cm-~ (by flotation in 
I ) 6 -3 dibromopropane toluene , Z = 2, Dx = 1.7 g.cm for c11 H26N5o2914cozn 
6 -1 with F.W. = 52 .5, and µCuKo. = 130.1 cm • The space group was P21 
2 2 (c
2
; No 4) or P21/m (c2h; No 11) from systematic absen6es of reflections 
(oko absent k = 2n + 1). Since the crystal was known to contain an 
optically active complex the space group could be unambiguously identified 
as P2
1
• The unit cell dimensions were calculated from values of Q for a 
number of high angle zero layer reflections measured from crystals 
mounted about the a and b axes. The measurements were made on an equi-
inclination diffractometer with Ni-filtered CuKa. radiation. 
X-ray Data Collection and Reduction. Two well-formed crystals 
of dimensions 0.24 x 0.25 x 0.~5 mm and 0.11 x 0.25 x 0.14 mm (parallel 
to a, band c respectively) were mounted about the a and c axes respect-
ively. The intensity data were -recorded on a fully automated(SO) 
Buerger-Supper equi-inclination diffractometer. At this stage of 
automation, reflection indices, setting angles, scan ranges, and scan 
speeds were calculated within the controlling computer. A fully 
stabilised X-ray generator provided Ni-filtered CuKo. radiation and a 
scintillation counter (Philips PW 1964/10) and pulse-height analyser . 
(Philips I'W 4280) were used. The angle subtended at the orystal by the 
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counter aperture was increased with increasingµ (in the range 2°50• -
3°50'). Reflections whose observed maximum count rate was putside the 
linear range of the counter were remeasured using an attenuator. The 
mosaicity factor( 5o) wa~ found to be 1.0° fo~ both cryst~ls from measure-
ments of peak profiles on a number of zero layer reflections. The scan 
speed was determined for each reflection individually and was calculated(5o) 
such that a (F )/F was approximately. constant (where a (F ) is the 
S O O 8 0 
statistical standard deviation of F, and the limits of scan speed were 
0 
2.4°/min and 15.0°/min). 
Data were collected in the range o0 ~ Y .:S 140° for the zones Hkl, Hkl 
( 0 ~ H ~ 7) and hKl, hKI ( 0 ~ K.:s 3). An examination of films showed that 
there were significant intensity differences between Bijvoet related 
reflections. A few chosen reflections of the type hkl were measured for 
later confirmation of absolute configuration. For each reflection the 
net count, I(hkl) = P - (B1 + B2) where P = peak count and B1 and B2 are 
the first and second background counts. If the following relationship 
held, I(hkl) < 2(B1 + B2)
112, a reflection was considered unobserved. 
Lorentz-polarization and absorption corrections were applied, the latter 
by the method of Coppens et a1,< 21 ) with grid sizes of 6 x 6 x 6 
(parallel to a, band c) for both a and b axis crystals. Initially, 
estimated standard deviations assigned to the relative structure amplitudes 
--
were calculated from counting statistics. Least squarea< 22 ) scale factors 
calculated between different reciprocal levels indicated that there was 
no crystal decomposition. The data was merged to a common scale and a 
total of 1785 independent reflections were obtained of which 91 were 
62 
considered unobservable. 
Solution and Refinement of the Structure. The structure was 
solved using the uaual sharpened Patterson and heavy atom Fourier 
techniques. A (F - F) - synthesis at the final stages of the solution 
0 C · 
indicated no water of crystallisation. Full matrix least-squares refine-
ment was used to minimise the function EW(IF I - slF 1)2 where Wis the 
0 0 
weight given to each reflection ands is the inverse of the scale factor 
to be applied to IF I. The unobserved data were assigned zero weights. 
0 
Three cycles were carried out using unit weights and varying an overall 
scale factor, atomic coordinates and isotropic temperature factors. 
After a few cycles incorporating anisotropic temperature factors the 
2 2 1/2 {£WA /r:NF J were constant at 
0 
R1 = 0.095 and R2 = 0.110. However the refined structure at this stage 
was chemically unreasonable. The most unsatisfactory features of the 
structure were the large differences in the metal nitrogen bond lengths, 
Co - N(1), 2.15A; Co - N(2), 1.87A; Co - N(3), 1.78A; Co - N(4), 1.94A; 
Co - N(5), 2.07A. This problem was resolved when the importance of 
anomalous dispersion effects on atom coordinates in polar space groups 
was realised. In fact the bond length differences between the Co - N 
bonds is of the order of magnitude predicted by Cruickshank and McDonald( 26 ) 
for incorrect polarity involving a cobalt atom and Cu.Ka. radiation. Since 
the absolute configuration of the structure was determined from the known 
absolute configuration of S-proline, the polarity of the apace group was 
re-examined. A check revealed that inadvertently at an early stage in 
the analysis a left-handed crystal system had been incorporated. When 
--
' 
the correct space group of reverse polarity was used the Co - N bond 
distances shifted to more chemically reasonable values (rable r.23). 
Clearly, these results emphasize the importance of the correct choice 
of polarity and the inclusion of anomalous dispersion corrections when 
dealing with polar space groups. 
A (F - F )- synthesis in the latter stages of refinement indicated 
0 C 
the presence of significant electron density in the regions expected for 
all the complex cation hydrogen atoms. A structure factor calculation 
including all the cation hydrogen atoms decreased the residuals from 
R
1 
= 0.100 and R2 = 0.140 to R1 = 0.097 and R2 = 0.112. The hydrogen 
atoms were therefore included at recalculated positions in all subsequent 
cycles. At no stage were the hydrogen atom co-ordinates or temperature 
factors refined. 
An analysis of <1/~ 2.>in ranges of IF jwas · carried out after each 
0 
cycle. However, rather surprisingly at no stage during the refinement 
was any systematic dependence on jF I apparent, hence unit weights were 
0 
maintained throughout the refinement. The least squares refinement 
converged to residuals R1 = 0.055 and R2 = 0.059 (the maximum parameter 
shift in the final cycle was 0.4 standard deviations). A final difference 
Fourier had no positive maxima greater1·than 0.8e/A3 except in the vicinity 
of the metal ions (maximum 1.0e/A3) . The scattering factor tables used 
for z 2~ n , C 3+ 0 • Cl-, O, N and C were those of Cromer and Waber(
24) and 
the H table was that listed by Ibers.< 25 ) Anomalous scattering terms, 
6f' and ~f" for Zn, Co, and Cl were those given by Cromer.(
2?) 
... 
-
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Calculated and observed structure factor amplitudes are compared in 
Table I.20. The IF I values for the unobserved data were shown to be 
C 
insignificant. Final atomic positional and thermal parameters, with 
estimated standard deviations are listed in Table I.21. The excellent 
diffraction properties of the crystals used in this analysis have consid-
erably increased the accuracy of this structural analysis relative to that 
of the related L-~2-RRS-[Co(trien)(S-Pro)f+ ion (Chapter 4). 
A perspective view of the complex cation, showing atom numbering and 
ellipsoids of thermal motion is given in Fig. I.18. Figure 1.19 is a 
perspective diagram of the unit cell as viewed down the a-axis. 
Absolute Configuration. As previously discussed, the absolute 
conf'iguration of the complex cation could be assigned from the known 
absolute configuration of S-proline. To confirm this assignment the 
relative intensities of a number of Bijvoet related reflections were 
measured. To minimise the time required on the diffractometer only those 
reflections which showed visible intensity differences between the 
anomalous pairs on films were measured. 
.-
Table I.22 compares IF I and 
0 
IF !values for reflections of the type hkl and hkl. The anomalous 
C 
dispersion results confirm the assignment of configuration to the 
D(+)
589
-~2-SSS-ICo(trien)(S-Pro)]
2
+ isomer. The parameters listed in 
Table I.21 and the structure drawn in Fig. I.18 represent the correct 
absolute configuration. 
Description of the Structure. 
Description of the D-~2-sss- [Co(trien)(S-Pro)]
2
+ Cation. 
Intramolecular bond distances and angles and their estimated standard 
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TABLE I. 21 
FRACTIONAL ATOMIC POSIT !ONAL PARAMETERS 
a-c 
AND ANISOTROPIC 
d TEMPERATURE FACTORS FOR D-8 2-SSS- [Co(t rien) (S-Pro) [ ZnCt 4 . 
Atom l04x rn4y I04z 4 IO 8 II 4 IO 822 4 IO 833 4 10 812 4 10 813 4 IO 823 Atom I04x IO\ I04z 
Zn -487(2) 7500 e 7657(2) 169(4) 25 (I) 64 (2) 5 (I) 44 (2) 2 (I) H(I) 6390 5814 8676 
Co 4803(2) 445 7 (I) 7620(2) 121 (4) 18(1) 50(2) -3(1) 50(2) 1(1) H(2) 4155 5822 8628 
Ct( I) 24 I (5) 7805 (3) 5624 (3) 274(9) 59(2) 92(4) 31 (3) I02(5) 20(2) H(3) 6471 3627 9776 
Ct(2) 1542 (7) 6570(3) 9306(4) 415( 13) 57 ( 2) 96(4) 94 (4) 54(6) I0(2) H(4) 3223 3344 5923 
Ct (3) -3755(5) 7086 ( 2) 7067(4) 202(8) 41 (2) 137 (5) -40(3) 37 (5) 16(2) H(5) 7985 4679 7161 
Ct ( 4) 
-251 (5) 8793 (2) 8839(3) 213(8) 29 (I) 89(4) 4(3) 33(4) -12(2) 11(6) 8487 4407 8791 
0(1) -868(12) 5199(6) 5890(9) 137 (21) 44 (4) 115 ( 11) -10(8) 53( 12) 13(6) H(7) 5243 5536 6179 
0(2) 1948(11) 4568(5) 7286 (8) 159( 19) 26(4) 77(9) 3(6) 61 (11) 6(5) H(8) 5653 5763 11062 
N(l) 5357(15) 5486(6) 8862(IO) 219 (27) 19(4) 85 ( 12) 8(9) 76(15) -4 (6) H(9) 7661 5152 I0844 
N(2) 5204(14) 3831 (6) 9437(9) 177(23) 29(4) 63(10) 9(8) 80(13) 11 (6) H(IO) 5624 4172 11663 
N(3) 4349(14) 3317(6) 6706( 10) 188 (24) 19(4) 72(11) I (8) 76( 14) 2 (5) H(ll) 3359 4568 10352 
N(4) 7644(13) 4295 (6) 7801 (9) 154 (21) 27 (4) 74 ( 11) 6(8) 60(12) -7(6) H(12) 2224 3294 8797 
N(5) 4218(13) 5170(6) 5827(9) 130(21) 23 (4) 62(10) -6 (8) 59(12) -5 (5) H( 13) 4143 2635 9990 
C(I) 6033(21) 5251 (8) 10435 ( 13) 284(36) 31 (5) 75 (15) 19(12) 85( 19) I (7) H( 14) 5410 2246 8129 
C(2) 4955(19) 4442 (9) 10567(13) 238(32) 38(6) 84 ( 15) 8(13) 87( 19) 6(9) H(15) 2756 2263 7195 
C(3) 3784(20) 3078(9) 9070(15) 213(33) 33(6) 122(18) -2 ( 12) 97(21) 28(8) H(16) 5966 3428 5197 
C(4) 4074(19) 2652(8) 7758(12) 250(33) 31 (6) 84 ( 14) -15(11) 77(17) 14(7) H(l 7) 6166 2411 6050 
C(5) 6113( 18) 3096(8) 6215 ( 12) 187(29) 29(5) 79 ( 14) 8(10) 70( 17) I (7) H(18) 8284 2973 8363 
C(6 ) 7990(17) 3386(8) 7408 ( 12) 142 (26) 34(5) 85( 14) 19(10) 62( 16) I (7) H(19) 9273 3362 7023 
C(7) 4117 ( 17) 4851 (7) 4354 ( 11) 190(29) 25 (4) 52 ( 12) -9(9) 5 7 ( 15) -3(6) H(20) 5626 4787 4290 
C(8) 2925(19) 5540(8) 3319(12) 227 (32) 31 (5) 63(13) -11 ( 11) 66(17) 8 (7) H(21) 3346 4237 4115 
C(9) 1248(19) 5748(8) 3893(13) 160(30) 38(6) 77 ( 14) 16(11) 21 ( 17) 24 (8) H(22) 3856 6098 3352 
C(IO) 2237(17) 56I0(7) 5580(11) 167(27) 24(5) 66(13) 
-18(9) 64 (16) 3(6) H(23 ) 2318 5299 2200 
C(l 1) 961 ( 16) 5098(7) 6263( 11) 137(27) 23(5) 58 ( 12) -3(9) 42 ( 14) 2(6 ) H(24) 749 6407 3643 
--
H(25) - 34 5320 3432 
H(26) 2487 6225 6144 
Footnotes : 
• umbers 1 n parentheses are estimated standard deviations right adjusted to the least significant digit of the preceding number . 
b Hydrogen atom positions were calculated as follows : Tetrahedral primary , '11-H • 0 . 95A; tetrahedral secondary N, '11 - H • 0. 89A ; 
. 
methylene C, dC-H • 1 .084A . 
c Hydrogen atoms are numbered sequentially around the cht-late rings from atom N( l ) to N(4), and around the prollne ring from N(5 ) to C(IO). 
d The fon, of the anisotropic temperature parameter Tis : T • exp 2 2 ( -[h 8 11 • k 822 • 2 t 833 • 2t,k 812 • 2h t8 13 • 2kl 823 J) 
e They coordinate of the Zn atom 1s arlii tra rv , and was fixed at 0 . 7500 throughout the refinement . 
Ca 
C9 
Figure I.18 
N4~ Cs 
C4 
C3 
C11 
Perspective view of D-S 2-SSS-[Co(trien)(S-Pro)]
2
+ cation 
showing t he thermal vibration ellipsoids. 
Figure 1.19 
', 
Perspective diagram of the unit cell of D-S2-SSS-[Co(trien) (S-Pro)]ZnCt4 
viewed down t he a - axis. The b-axis is horizontal and the c-axis 
is vertical. 
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0 2 
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2 2 
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TABLE I. 22 
BIJVOET PAIRS FOR D-82-SSS-[Co(trien)(S-Pro)]ZnC1 4 
(Structure amplitudes in electrons, XlO) 
IF (hkR.) I 
0 
IF (hkR.) I 
C 
6 414 422 352 
-6 234 236 170 
-6 177 158 220 
4 344 337 425 
-4 456 467 506 
-3 244 229 202 
-3 475 453 518 
3 265 262 301 
-2 403 378 442 
-1 198 176 233 
.• 
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IF (hk.e.)I 
C 
345 
170 
214 
426 
526 
189 
499 
301 
417 
221 
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deviations are given in Tables I.23 and I.24. Four of the Co - N bond dis-
tances. lie within ~cr ' of their mean value of 1.955(5)A. However the 
Co - N(5) bond distanc; is 30 longer than this mean at 1.980(9)A. The 
Co - 0(2) bond length 1.924(7) is probably not significantly different 
from 1 .880(14)A found in L-~2-RRS- [Co(trien)(S-Pro)]
2
+ (Chapter 4) 
although some polarisation of the coordinated amino acid qarboxyl_ group is 
now evident. The 0(1) - C(11) and 0(2) - C(11) bond lengths are 1.22(1)A 
and 1.29(1)A respectively. This difference was not significant in the 
L-~2-RRS-[Co(trien)(S-Pro)]
2
+ structure due to the larger standard dev-
iations in the bond lengths . 
Some interesting angular distortions occur in the complex ion. These 
distortions will be pointed out now and their significance will be dis-
cussed in some detail later. The most marked angular distortion occurs 
at the Co - N(5) - C(7) bond angle of 125.3(7) 0 ; an increase of almost 
16° from the unstrained tetrahedral value. This compares with a similar 
distortion in the L-~2-RRS-[Co(trien)(S-Pro)]
2
+ion (Chapter 4), where the 
Co - N(5) - C(7) bond angle is 122.2(1.7) 0 • Further angular expansion 
occurs at the N(3) - Co - N(5) bond angle of 99.2(4) 0 , which is 
accompanied by a contraction of -the N(1) - Co - N(5) angle to 90.9(4) 0 , 
The comparable angles in the L-~2-RRS- [Co(trien)(S-Pro)]
2
+ ion are equal 
being 94.2(9) 0 , and 94.6(9) 0 • 
Geometry of Coordinated Praline. Aa in the L-~2-RRS-[Co(trien)-
(S-Pro)J2+ ion, the five membered pyrrolidine ring of proline is puckered. 
The puckering is also very similar in that the Cy atom, C(8) lies 0.57A 
from the mean plane formed by N(5), C(7), C(9), and C(10)(maximum deviation 
Atoms 
Co---N(l) 
Co-N(2) 
Co-N(3) 
Co-N(4) 
Co-N(S) 
Co-0(2) 
N(l}-{:(l) 
C (1)-C (2) 
N(2)-C(2) 
N(2)-C(3) 
C(3)-C(4) 
TABLE I.23 
a INTRAMOLECULAR DISTANCES FOR D-S2-SSS-[Co(trien)(S-Pro)]ZnCI4 
(a) Distances within D(+) 589-s2-SSS-[Co(trien)(S-Pro)] 2+ cation. 
0 
Distance (A) 
1.960(9) 
1.943(8) 
1.961(9) 
1.955(9) 
1. 980 (9) 
1.924(7) 
1. 48 (1) 
1. 50(2) 
1. so (1) 
1. 50(1) 
1.51(2) 
(b) Distances within Znc1 4
2
- anion. 
Atoms 
Zn-Ci (1) 
Zn-C£(2) 
Zn-C£(3) 
Zn-C£(4) 
Atoms 
N(3)--{;(4) 
N(3)~(5) 
C(S)-!::(6) 
N(4)-£(6) 
N(S)~(7) 
N(S)-C (10) 
C (7)-C(8) 
C(8)-C (9) 
C(9)-C(l0) 
C(IO)-C(ll) 
0 ( 1 )-C ( 11 ) 
0(2}-C(ll) 
0 
Distance (A) 
2.242(3) 
2.262(4) 
2.259(4) 
2.293(3) 
Distance 
1.51(1) 
1.51(1) 
1 .49 (2) 
1.51(1) 
1.49(1) 
1.49(1) 
1. 51 (2) 
1. so (2) 
1. 55 (2) 
1.51(1) 
1.22(1) 
1. 29 (1 ) 
a 
Numbers in parentheses are estimated standard deviations right-adjusted 
to the least significant digit of the preceding number. 
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0 
(A) 
TABLE I. 24 
INTRAMOLECULAR BOND ANGLES FOR 
a 
D-B2-SSS-[Co(trien)(S-Pro)]ZnCI 4 
(a) Angles within D(+) 589-e2-SSS[Co(trien)(S-Pro)J 2+ cation. 
Atoms 
N(l)-Co-N(2) 
N(2)-Co-N(3) 
N(3)-Co-N(4) 
0(2)-Co-N(5) 
N(l)-Co-N(4) 
N(2)-Co-N(4) 
N(l)-Co-N(5) 
N(5)-Co-N(4) 
N(l)-Co-0(2) 
N(2)-Co-0(2) 
N (3)-Co-0(2) 
N(3)-Co-N(5) 
Co-N (1)-C (1) 
N(l)-C(l)-C(2) 
C(l)-C(2)-N(2) 
C(2)-N(2)-Co 
Co-N(2)-C(3) 
N(2)-C(3)-C(4) 
C(2)-N(2)-C(3) 
Angle (deg.) 
85.5(4) 
84.5(3) 
8S.8(4) 
84.8(3) 
93.9(4) 
91.4(4) 
90.9(4) 
93.0(4) 
90. 4 (4) 
91.1(3) 
90.3(4) 
99.2(4) 
ll0.7(7) 
107.6(1.0) 
106.5(8) 
108.7(7) 
107. 4 (7) 
105.9(9) 
115.8(9) 
.-
(b) Angles within Znc14
2+ anion. 
Ci(l)-Zn-Ci(2) 
Ct (1)-Zn-C (3) 
Ci(l)-Zn-C (4) 
118.5(2) 
ll0.7(1) 
104. 5 (1) 
Atoms 
C(3)-C(4)-N(3) 
C(4)-N(3)-Co 
Co-N(3)-C(5) 
N(3)-C(5)-C(6) 
C(5)-C(6)-N(4) 
C(6)-N(4)-Co 
Co-N (5) -C (10) 
N(5)-C(7)-C(8) 
C(7)-C(8)-C(9) 
C (8)-C (9) -C (10) 
C(9)-C(lO)-N(5) 
C (10) -N(5)-C(7) 
Co-N(5)-C(7) 
C(9)-C(IO)-C(ll) 
N(5)-C(10)-C(ll) 
C ( 10) - C ( 11 ) -0 ( 1 ) 
C(IO)-C(ll)-0(2) 
0 ( 1) -C ( 11) -0 ( 2) 
Co-0(2)-C(ll) 
Ci(2)-Zn-Ci(3) 
Ci(2)-Zn-C (4) 
Ci( 3)-Zn-C (4) 
Angle (deg.) 
110. 5 (1.0) 
110.9(7) 
109.0(7) 
106.8(9) 
107.7(9) 
110. 2 (7) 
107.5(6) 
103.3(9) 
103.7(9) 
103. 4 (9) 
106.8(8) 
105.2(8) 
125.3(7) 
114.4(9) 
110.2(9) 
121.6(1.0) 
115.5(9) 
123.0(1 .0) 
116.2(6) 
109. 6 (2) 
106. 9 (1) 
105.7(2) 
a Numbers in parentheses are estimated standard deviations right-adjusted 
to the least significant digit of the preceding number. 
70 
71 
In common with previous structures the CY atom deviates from planarity 
in the same sense, which is trans to the carboxyl C-atom. Some ring 
strain within the pyrrollidine ring is shown by a mean internal angle of 
0 104.5 • The geometry of the five membered chelate ring formed by the 
. 
amino acid and the metal ion is very similar to that in L-~2-RRS-[Co(trien) 
(S-Pro)] 2+ and ~-amino acids in genera1.< 58) Namely, the carboxyl group 
( C(10), C(11), 0(1), 0(2) ) is strictly planar and in the five membered 
chelate ring there is only slight puckering (maximum deviations from 
planarity, N(5), 0.18A; C(10), -0.19A). 
Conformations of the Trien Chelate Rings. The angles subtended 
by the puckered five membered chelate rings, (N(1) - Co - N(2), 85.5(4) 0 ; 
N(2) - Co - N(3), 84.5(3) 0 ; N(3) - Co - N(4), 85.8(4) 0 ) are comparable 
with those, (85.5(9) 0 , 85.8(9) 0 and 86.2(8) 0 , respectively) found for 
L-~2-RRS-[Co(trien)(S-Pro)]
2
+. Deviations of ligating atoms from their 
mean coordination planes are given in Table r.25. There is a marked 
similarity in the atom deviations for planes 1 and 2 for both D and L 
[Co(trien)(S-Pro)] 2+ isomers (~~e also Table I.18). The torsion angles 
about the C - C bonds and the chiralities of the chelate rings, progress-
ing from N(1) to N(4), are 48.9°, o; 39.0°, A; and 48.7, A. Deviations 
of carbon atoms from their respective N - Co - N planes are : C(1), -0.19 
and C(2), o.48.A; C(3), o.82 and c(4), 0.31A; c(5), - .o.44 and c(6), 
0.22.A.. A comparison between the chelate ring conformations of this 
structure and the previously discussed structures (Chapters 2, 3 and 4) 
will be given in the next chapter. 
TABLE I. 25 
LEAST SQUARES PLANES 
(a) Equation of planes AX+ BY+ CZ+ D=O, where X = ax, Y = by, Z = cz. 
Atoms included in Plane 
Co, N(l), N(2), N(3), N(5) 
Co, 0(2), N(l), N(3), N(4) 
Co, 0(2), N(2), N(4), N(5) 
(b) Distances of atoms 
Atoms 
Co 
0(2) 
N(5) 
N(l) 
N(2) 
N(3) 
N(4) 
Plane No. A B C D 
I -0.9921 0.0617 -0.1092 -2.5680 
2 0.1596 0.4966 -0.8532 2.9530 
3 
-0.0295 -0.8415 -0.5395 -8.5210 
from planes 
0 
Deviations (A) from 
Plane I Plane 2 Plane 3 
-0.03 
-0.05 0.00 
-0.09 0.07 
0.04 
-0.07 
-0.03 0.12 
0.05 
-0.06 
-0.03 0.12 
0.09 0.06 
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Hydrogen Bonds and Non-bonded Contacts. Crystals of 
D-~2-SSS-[Co(trien)(S-Pro)]ZnC14 are unusual, for these types of complexes, 
in that they crystallise anhydrous and contain very few hydrogen bonds. 
There are only three distinct hydrogen bonds which include two of the 
type N - H • • • • Cl and .one N - H • • • • 0 type. Table I. 26 lists these 
H - bonds and identifies proton donor and acceptor atoms. Evidently the 
dominant binding force in the lattice must be electrostatic forces between 
anions and cations. Non - bonded contacts less than 3.5A are listed in 
Table I.27 . The N •••• Cl distances in the range 3.3 - 3.4.A might be 
considered as weak N - H •••• Cl interactions. 
Chemical Significance of this Structure. The structure analysis 
has shown that the dextrorotatory (A= 589 nm) isomer isolated as the second 
fraction from the reaction mixture is D-~2-SSS-[Co(trien)(S-Pro)]
2
+ 
(Fig. I.18). S-proline is coordinated bidentate to the metal ion in the 
~2-configur tion ( 0(2) trans to N(4) ). This is consistent with the 
prediction( 1 B) that the alternative ~1 (
55 ) configuration ( N(5) trans to 
N(4) ) would be sterically less- favourable. The relative configuration 
at the asymmetric seo-N atom, N(2) of ~-trien in this structure is 
analogous to that found in~ - [Co(trien) · ClOH2]
2
+ and L-~2-RRS-[ Co(trien) 
. 2 (S-Pro)] + (Chapters 2, 4). In all these structures the configuration 
is such that the proton on this aec-N centre is directed towards the 
apical trien chelate ring. For the Land D configurations about the 
metal ion the configurations at N(2) are Rand S respectively. 
The essential geometrical differenoe between the L-~2-RRS-[Co(trien) 
( 2+ 2+ S-Pro)] and D-~2-ssS-[Co(trien)(S-_Pro)] . ;isomers is the relative · 
orientation of the proline moiety. 
Ii 
1: 
I' 
I' 
Atoms X-H •... Y 
vi N(l}-H .... Ci(3 ) 
N(4)--+I .. . Ci(4vii) 
vi N(4)--tl ... O(l ) 
Atoms 
TABLE I. 26 
HYDROGEN BONDS IN TIIE 
D-B2-SSS-[Co(trien)(S-Pro))ZnCI4 CRYSTAL 
Atoms Y .... H-X 
iv Ci(3) .... H-N(l ) 
V Ci(4) .... ~(4) 
iv 0(1) ..... H--N(4 ) 
a 
0 
d(X .... Y)A 
3.22 
3.23 
2.79 
Angle (deg.) Atoms Angle (deg.) 
iv 
116.8 Zn--Ci(3) .... N(l ) 
vi 
109.8 Co__N(l) ..... Ct(3 ) 
vi 
134.0 C(l)-N(l) .... Ct(3 ) 
V 
129.2 Zn---Ct(4) ... N(4) 
Co---N(4)····ct(4vii) 109.3 
a Symmetry transformations are as follows:-
iv 
= -l+x, y, z 
V 
= 1 -x, ½+y, 2 -z .-
vi 
= 1 +x, y, z 
vii= I -x, - ½+y, 2 -z. 
C(6)--N(4) ... Ci(4vii) 86.6 
C(ll)-0(1) ... N(4iv) 109.4 
vi Co---N(4) ... 0(1 ) 118.3 
C(6)--N(4)···0(lvi) 100.4 
Ci(4vi) ... N(4) .. 0(lvii) 125.1 
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TABLE I.27 
0 
NON-BONDED CONTACTS LESS THAN 3.SA IN 
a 
D-S2-SSS-[Co(trien)(S-Pro)]ZnC14 CRYSTAL 
0 Atoms X •••••• y d(X ..... Y)A 
. . . 
111 3.34 Ci(l) ..... N(3 ) 
Ct(2) ..... N(l) 3.31 
iv 3.35 Ci(3) ..... N(S ) 
. . . 
111 3.42 Ci(3) ..... C(S ) 
V 3.36 Ci(4) ..... N(2 ) 
V 
3.48 Ci(4) ..... C(6 ) 
iv 
3.36 0(1) ...... C(7 ) 
lV 3.40 0(1) ...... C(6 ) 
. lV 3.42 0(1) ...... N(S ) 
iv 3.25 0(2) ...... N(4 ) 
lV 
3.37 0(2) ...... C(6 ) 
Vi N(4) ...... C(ll ) 3.40 
a Symmetry transformations are as follows: 
. 
. . 1 1 1 1 11 1 k+y 1 = -x, -~ +y, -z = -x, 2 , -z 
. . . 
iv 111 k+y 1 
-1 = -x, 2 , -z = +x, y, z 
V 1 -x, 1 2 
-z vi l+x, y, z = ~+y, = 
vii 1 k+y 2 ... z = -x, - 2 J 
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Perspective views of the two isomers from two different orientations are 
given in Fig. I.20 and I.21. Figure I.21 shows that in the D-~2-SSS 
isomer the pyrrolidine ring is oriented . towards the apical trien chelate 
ring, N(3) - C(5) - C(6) - N(4). Whereas in the L-~2-RR~ isomer the 
pyrrolidine ring is remote from the apical chelate ring. Crude measure-
ments using Dreiding stereo models and a conservative H ••••• H non-bonded 
po ential function,( 62 ) indicated that non-bonded repulsions between the 
amino acid and the chelate ring would be prohibitive for the D-~2-sss 
form. However when hydrogen atoms are placed at calculated positions on 
the D-~2-sss fully refined orystal_, structure model, these interactions 
are relatively small. 
Clearly, the bond angle distortions which are found from the structure 
analysis, alleviate these interactions. Expansion at the N(3) - Co - N(5), 
(99.2°) and Co - N(5) - C(7), (125.3°) bond angles would be expected to 
reduce steric strain between the amino acid and trien moieties. Further, 
the angular strain introduced into the complex would be expected to be 
relatively small compared to th~ considerable reduction in non-bonded 
interaction energy. Hence the formation of the D-~2-sss isomer is now 
-
shown to be much more reasonable. In the L-~2-RRS complex the expansion 
of the Co - N(5) - C(7), (122.2°) bond angle can also be accounted for in 
terms of relief of steric strain. 
As mentioned earlier the formation of the two isomer8 was carried out 
under kinetically controlled conditions. Therefore the relative 
abundances in the reaction mixture do not necessarily reflect the relative 
thermodynamic stabilities of the complexes. In view of the crystal 
Figure I.20 
(a) 
Perspective views of s2-[Co(trien)(S - Pro)]
2
+ isome rs 
2+ (a) L-82-RRS-[Co(trien)(S-Pro)] 
(b) D-S2-SSS-[Co(trien)(S-Pro)J
2
+ 
(b) 
; 
. 2+ L-S2-RRS-[Co(tr1en)(S-Pro)] D-S 2-SSS-[Co(trien)(S-Pro)J
2
+ 
Figure I.21 Perspe ctive diagram of s2-[Co(trien)(S-Pro)]
2
+ is omers as viewed down the 
trien apical chelate ring. 
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structure results it would be of interest to measure the stability 
difference between the 1-~2-RRS and D-~2-sss forms. A method of establish-
ing equilibrium between the two isomers would be to invert the coordinated 
I 
amino acid. This might be achieved in basic solution where hydroxid~ ion 
could remove a proton from both the sec-N a.nd a-carbon atom of the amino 
acid. Unfortunately it was found( 1B) that base catalysed hydrolysis of 
the amino acid preceded inversion. Hence the amino acid moiety was 
cleaved from the complex before inversion had occurred. The crystal 
structure results indicate that the stability difference would be consid-
erably less than approximately 14 kcal/mole as calculated from Dreiding 
models using the conservative Hil1( 62 ) H •••• H non-bonded potential function. 
Also the results clearly demonstrate that the relative ease of bond angle 
bending can be an important factor in determining isomer stabilities. 
A comprehensive strain energy minimisation calculation has been carried 
out on ·these complexes in an attempt to predict stability differences and 
reproduce the distorted geometries. The results of these calculations 
are described in Pa.rt II of this thesisQ 
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CHAPTER 6 
The Geometry of f3.::Trien Complexes 
6.1 Introduction 
Three of the previously described structures, racemic-~-
[Co(trien)ClOH2]2+, L-~2-RRS-(Co(trien)(S-Pro)]
2
+ and D-~2-SSS-[Co(trien) 
(S-Pro)J 2+ (Chapters 2, 4, 5) contain trien coordinated in the f3-oonfig-
uratione In addition, in the complex ion ~-[Co(trenen)N3]
2
+ (Chapter 3) 
the ligand trenen can b~ considered ~s f3-trien substituted at the 'angular 8 
nitrogen atom by an aminoethyl groupe These four structures provide a 
number of independent determinations of the geometry of the f3-trien 
configuration in different crystal lattices. Prior to these structural 
analyses only the gross features of the geometry of the f3-trien configur-
ation could be infer.red from Dreiding stereo models. However, the models 
did indicate which were likely to be the more important conformational 
featurese 
In particular, it was decided. that conformational inversion was 
possible for the apical chelate ring, but at that time it was difficult 
to decide which might be the preferred conformation. Angular strain was 
also evident, particularly at the 'planar' secondary nitrogen atom but it 
was difficult to determine how this strain would be distributed. With 
these problems in mind the conformation of the chelate rings in the 
structures have been compared using three different methods. In this way 
any correlations are not biased to one particular method. Also the 
comparison is made between molecular conformations which are found in 
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different crystal lattices where the molecules are subject to a variety 
of different types of intermolecular forces. (eg. H - bonding, electro-
static and non-bonded forces). Such a comparison should give some 
indication of the relative importance of intermolecular and intramolecular 
forces in determining conformation. 
6.2 Comparison of ~-Trien Geometries 
Bond Angles and Bond Lengths. A comparison of the Co - N bond 
distances involving trien for the ~-[Co(trien)C10H~ 2+, L-~2-RRS-[Co(trien) 
(S-Pro)] 2+ and D-~2-SSS-[Co(trien)(S-Pro)J
2
+ structures showed that in 
each case the bond to the !planar' nitrogen was the shortest. The 
Co - N(2) bond lengths averaged to 1.921(7)A, whereas the mean value for 
the other Co - N distances was 1.953(4)A (the standard deviations of the 
means, a were calculated using the relationship a 
av av 
2 
= 1/E 1/o. ). 
l 1 
Another geometrical feature of the 'planar' sec-N atom common to all 
three structures was the expansion of the C - N - C bond angle. The mean 
C(2) - N(2) - C(3) bond angle for all three structures was 114.0(7) 0 • 
Angular strain at this centre might account for the shortening of this 
Co - N bond length . A shorter Co - N bond distance would reduce some of 
the angle strain associated with the C - N - C bond angle. By comparison 
there is no significant angle strain for the comparable C - N - C bond · 
angle or any other angle at the ~apgular' sec-N atom. The mean C(4) -
(3) - C(5) bond angle of 110.7(7) 0 is almost strain free :. Likewise 
there are no other significant intra-ligand angular distortions in the 
polyamine skeleton. 
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The angles subtended by the chelate rings at the metal ion are all 
very similar. For the three complexes the mean N - Co - Nangle is 
85.8(2) 0 • This angle compares with a.n N - Co - Nangle of 86° found in 
cobalt(III) ethylenediamine complexes( 32 , 33 ) .where the chelate rings are 
not fused. Mean C - C and C - N bond lengths for the trien ligand are 
1 . 509(8)A a.nd 1 .499(3)A respectively. For the present structures these 
bond lengths were sensitive to the inclusion of hydrogen atoms at calculated 
positions during least squares refinement. When hydrogen atom contributions 
were not included the bond lengths obtained were significantly longer, 
particularly for the C - C bonds. 
Conformations of the Chelate Rings . The relative chiralities 
of the trien chelate rings are the same for the three structures containing 
the ~-trien configuration and for the relevant part of ~-[Co(trenen)N3J
2
+ 
(Chapter 3). For the 1 configuration about the metal ion the chiralities 
of the chelate rings are as follows: N(1) - C(1) - C(2) - N(2), A; 
N(2) - C(3) - C(4) - N(3), o ; N(3) - c(5) - c(6) - N(4),o (see Fig. r.22). 
The comparable chelate rings for.. the trenen ligand are, N(5) - C(8) - C(7) -
N(4) , Aj N(4) - C(6) - c(5) - N(2), 8; and N( 2) - C(2) - C(1) - N(1), o 
respectively (see Fig. I.,3). For convenience these chelate rings will 
be referred to as rings 1, 2 and 3 respectively. For the following 
discussion concerning the stabilities of conformations it should be made 
clear that for the enantiomeric configuration about the metal ion the 
chelate ring chiralities,.are inverted but the relative stabilities are 
the same. 
The conformations are primarily determined by the configurations of 
Co 
Figure I.22 Conformations of chelate rings for the 
L-configuration of 6-trien. 
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the two asymmetric :sec-N atoms which link the chelate rings. Clearly, 
the chiralities of the rings joined by the 'planar' sec-N atom, N(2) 
must be enantiomeric and these chelate rings cannot invert without 
synchronous inversion at the sec-N centre. However, mod~ls indicate 
tha inversion of conformation at ring 3 could occur with retention of 
configuration at the 'angular 9 ·sec~N atom, N(3)v The reason that this 
inverted conformation has not been observed may be due to increased 
conformational strain for this form. An inverted conformation. of ring 3 
(A for the 1 configuration about the metal) would involve smaller torsion 
angles about the C - C and C - N bonds, resulting in an increase in 
torsional and non-bonded strain energyv 
The conformations of the chelate rings are compared quantitatively 
in three different ways. Firstly, the deviations of chelate ring carbon 
atoms from their N - Co - N planes are compared in Table I.28 and Fig. I.23. 
Secondly, the torsion angles about the C - N and C - C bonds are compared 
in Table I.29 and Fig. I.24o The torsion angles were defined as follows : 
for atoms A, B, C and D bonded in a chain, the torsion angle about the 
bond BC was taken as positive if the bond AB was required to be rotated 
clockwise to lie in the BCD plane. This system follows the suggestions 
of Klyne and Prelog( 63 ) and more recently Allen and Rogers.( 64) Moreover, 
for the N - C - C - N chains of the chelate rings the method would assign 
a positive sign to the torsion angle about the C - C bond where the 
conformation is o and a negative sign for the A conformation. 
Finally, the conformations of the chelate rings have been compared by 
a method suggested by Freeman.( 65 ) This involves calculating the dihedral 
Atom 
C (1) 
C (2) 
C (3) 
C (4) 
C (5) 
C (6) 
. 2+ S-[Co(tr1en)CiOH2] 
0.11 
-0.54 
-0.73 
-0.23 
-0 . 48 
0.20 
TABLE I.28 
COMPARISON OF DEVIATIONS OF CHELATE RING CARBON 
ATOMS FROM N-Co-N PLANES FOR 8-TRIEN COMPLEXES. 
0 
Deviations (in A) 
L-82-[Co(trien)(S-Pro)] 
2+ 
D-e2-[Co(trien)(S-Pro)] 
0.01 0.11 
-0.66 
-0. 48 
', 
-0. 77 
-0.82 
-0.15 
-0.31 
-0.47 
-0.44 
0.20 0.22 
l>>'!!!- [Co (trenen)N3] 
0.11 
-0.51 
-0.64 
-0.13 
-0.56 
0.07 
a 2+ . 
For ~-[Co(trenen)N3] the tr1en atom numbering should read, C(8), C(7), C(6), C(5), C(2) and 
C(l) respectively. (See Fig. I.11). 
2+ a 
00 
N 
VJ 
LI-l 
~ 
~ 
0... 
z 
I 
0 
u 
I 
z 
z 
< 
LI-l 
~ 
~ 
0 
0:: 
u... 
VJ 
z 
0 
..... 
E-
< 
0·2 
O·O 
-0·2 
-0·4 
-0·6 
..... ~ -0·8 
a 
Figure I.23 
D- B2-SSS-[Co(trien)(S-Pro)]
2
+ 
racemic-B-[Co(trien)C £OH2]
2
+ 
L- B2-RRS-[Co(trien)(S-Pro)]
2
+ 
2+ 
sym-[Co(trenen)N3] 
f .... 
- - - - - - - - - - ,_ ... ·· 
., ..... 
·" · /J. 
.. l ·I' ~- 'I ..... 
,-.~. fl.:· 
~ ~ !j _.: 
.... ......_JJ _.: 
. \f . 
·. . 
·.· 
Cs 
ATOM 
Comparison of deviations of carbon atoms from their 
respective N-Co-N planes for B- trien chel ate rings. 
TABLE 1.29 
COMPARISON OF TORSION ANGLES FOR 
8-TRIEN COMPLEXES 
8-[Co(trien)CiOH2)
2+ L-82-[Co(trien)(S-Pro)J
2+ 2+ Plane 1 Plane 2 D-82-[Co(trien)(S-Pro)] ~Yl!!,-[Co(trenen)N3) 
Co, N(l), C(l) N(l), C(l), C(2) 30.1 27.6 
-33.4 28.6 
N(l), C(l), C(2) C(l), C(2), N(2) 
-47.4 
-48.2 48.9 
-45.4 
C(l), C(2), N(2) C(2), N (2), Co 43.3 48.6 
-42.S 41.6 
Co, N(2), C(3) N(2), C(3), C(4) 
-44.S 
-52.2 49.0 
-41. 9 
.. N(2), C(3), C(4) C(3), C(4), N(3) 37.0 46.5 
-39.0 38.5 
C(3), C(4), N(3) C(4), N(3), Co 
-14.6 
-20.6 12.0 
-16.8 
Co, N(3), C(S) N(3), C(5), C(6) 
-43. 9 
-42.2 41. 2 
-44.0 
N(3), C(5), C(6) C(5), C(6), N(4) 51. 8 49.0 
-48.7 47 .0 
C(5), C(6), N(4) C(6), N(4), Co 
-35.2 
-33.8 34.5 
- 27.7 
a 
For ~-[Co(trenen)N3)
2
+ the trien atom numbering should read, N(5), C(8), C(7), N(4), C(6), C(5), N(2), C(2), C(l) and N(l) 
respectively (see Fig.I.11). 
a 
2+ 
00 
v,l 
r--, 
c..::, 
UJ 
Cl 
..__, 
UJ 
...J 
c..::, 
~ 
z 
0 
1-4 
C/) 
~ 
0 
E-
LL. 
0 
UJ 
Cl 
::, 
E-
1-4 
z 
l:) 
~ 
TORSION ANGLE NUMBERING 
l = Co- N(l) - C(l) - C(2) 
2 = N(l)- C(l) - C(2) - N(2) 
3 = C(l) - C(2) - N(2) -Co 
4 = Co - N(2) - C(3) - C(4) 
5 = N(2) - C(3)- C(4)- N(3) 
6 = C(3)- C(4) - N(3) - Co 
7 = Co - N(3) - C(S) - C(6) 
8 = N(3) - C(S) - C(6) - N(4) 
9 = C(S) - C(6)- N(4) - Co 
-- D- 62-SSS-[Co (trien)(S-Pro ) J
2
+ 
racemic- 6-[Co (tr i en)C £OH 2]
2
+ 
L- 62-RRS-[Co (trien)(S-Pro ) J
2
+ 
2+ 
sym-[Co(trenen )N3] 
STRAIN FREE VALUE 
60~ 
so ,,, . ....-...... 
. ' 
·-·- '\ 
40 
30 
20 
10 
o_.., _______________ ...... --..---....-----. 
1 2 3 4 5 6 7 8 9 
TORSI O ANGLE NUMBER 
Figur e I.24 Compa r i son of tors i on angl es for B-t r ien chel ate rings. 
84 
angles between planes containing atoms of the type Co, N, C and Co, C, C 
(eg. angle between Co, N(1), C(1) plane and Co, C(1), C(2) plane). The 
sequence of dihedral angles progressing aro~d the chelate rings gives a 
measure of the folding of the ligand. These dihedral angles for the 
various complexes are compared in Table I.30 and Figo I.250 
Each method of, comparison shows that the conformations of the ~-trien 
configuration in each structure are remarkably similar. The result is 
surprising in view of the markedly different lattice forces associated 
with each complex iona These forces arise from hydrogen bonding, 
electrostatic interactions and non-bonded interactions and are completely 
different in all four crystal structures. A detailed description of 
crystal .packing in each structure has been included in previous chapters. 
It would appear therefore that the ~-trien configuration must be comparat-
ively rigid and is not easily distorted by external interactions. Moreover, 
it seems likely that the conformations of the '3-trien complexes in solution 
are likely to be similar to those found in the solid state. In general 
proton magnetic resonance studies of '3-trien cobalt(III) complexes show 
sharp superimposed multiplets for the methylene region of the spectrum 
(47,55) 
• This provides some indirect evidence for the immobility of the 
chelate ring conformations in solution. 
In view of the consistent formation of hydrogen bonds by anions and 
water molecules to the primary and secondary nitrogen atoms of trien in 
the solid phase, it seems likely that these N - H centres would also 
participate in hydrogen bonding to solvent and anions in solution. 
Plane 1 Plane 2 
Co, N(l), C(l) Co, C(l), C(2) 
Co, C(lL C(2) Co, C(2), N(2) 
Co, C(2), N(2) Co, N(2), C(3) 
Co, N(2), C(3) Co, C(3), C(4) 
Co, C(3), C(4) Co, C(4), N(3) 
Co, C(4), N(3) Co, N(3), C(5) 
Co, N(3), C(5) Co, C(5), C(6) 
Co, C(5), C(6) Co, C ( 6), N ( 4) 
TABLE 1.30 
COMPARISON OF DIHEDRAL ANGLES FOR 
S-TRIEN COMPLEXES a 
Dihedral Angles (in deg.) 
S-[Co(trien)CiOH2]
2+ L-s2-[Co(trien)(S-Pro)J
2+ D-s2-[Co(trien)(S-Pro)J
2+ 
33.2 27.7 33.2 
43.2 48.0 42.0 
53.2 59.1 54.0 
43.9 51. 3 48.0 
14.2 21.0 11. 9 
57.5 61.0 57.3 
43.5 41. 7 40.7 
35.2 33.5 34.1 
a For convenience in comparison obtuse dihedral angles have been subtracted from 180°. 
~Y1!!-[Co(trenen)N3] 
28.3 
40.9 
50.4 
41.1 
16.3 
59.9 
42.7 
27.8 
b For _J)'l!l-[Co(trenen)N3J
2
+ the trien atom numbering should read, N(5), C(8), C(7), N(4), C(6), C(5), N(2), C(2), C(l), and N(l) 
respectively (see Fig. 1.11). 
2+ b 
00 
(.J7 
DIHEDRAL ANGLE NUMBERING 
1 = Co- C(l) 
2 = Co- C(2) 
3 = Co- N(2) 
4 = Co - C(3) 
5 = Co- C(4) 
6 = Co- N(3) 
7 = Co- C(S) 
8 = Co- C(6) 
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CHAPTER 7 
Relative Stabilities of Cobalt(III) -
Triethylenetetramine-N-methyl-S-alanine Complexes 
Introduction 
86 
As previously discussed the reaction of ~-fCo(trien)(OH)(H20)J
2
+ 
with S-proline is kinetically controlled and equal amounts of the 
diastereoisomers, L-~2-RRS-[Co(trien)(S-Pro)J
2
+ and D-~2-SSS-[Co(trien)-
(S-Pro)J2+ are formed.( 1B) Unfortunately, the relative stabilities of 
the two forms were not established by OH- catalysed inversion of the 
amino acid since cleavage of the amino acid moiety preceded interconversion. 
The slow rate for interconversion compared to other coordinated amino 
acids( 13 ) was attributed to the requirement that in the intermediate the 
protons on the asymmetric nitrogen and carbon centres on proline both need 
to be removed before mutarotation is permitted. This arises because the 
nitrogen and carbon centres are coupled by the five membered pyrrolidine 
ring. The concentration of doubJy deprotonated species would be expected 
to be exceedingly small since the pK for deprotonation at each site is 
a 
very much greater than 14. The retardation in the rate of inversion 
therefore, is not surprising relative to systems where deprotonation is 
not required.( 13 ) 
However, in the analogous N-methyl-S-alanine complexes the possibility 
of observing interconversion is enhanced since inversion at the asymmetric 
nitrogen and carbon centres can occur independently. For these reasons 
it was decided to prepare a series of [Co(trien)(N-me-S-ala)J 2+ complexes 
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and measure their relative stabilities. This data is important in that 
it provides some meaningful comparison with the relative stabilities 
obtained from strain energy minimisation calculations described in Part II 
of this thesis. 
7.2 E?9?erimental 
Optically pure N-methyl-S-alanine was synthesised by the method 
of Quitt, Hellenbach and Vogler.(GG) The preparation of ~~ICo(trien)C03J 
c1.1.5H
2
0 follows the method described by Sargeson and Searle.<47 ) Optical 
rotatory dispersion (ORD) spectra were measured in 1dm cells on a Perkin 
Elmer 22 spectropolarimeter. Circular dichroism (CD) curves were obtained 
using a Cary 60 spectropolarimeter with a CD attachment. A Varian 100 Hz 
spectrometer was used to measure proton magnetic resonance (pmr) spectra 
with tetramethylsilane as an external standard . Visible spectra were 
obtained using a Cary 14 spectrophotometer. 
~-[Co(trien)(N-me-S-ala)](Cl04) 2 - (isomeric mixture) 
· ~-[Co(trien)(H
2
o) 2]
2+ was prepared_ in situ by adding HC104 (14 mls of 
5.8N) to ~-[Co(trien)co
3
]Cl 1.5H20 (12_.7 gms) at 25°. After the reaction 
was complete (10 minutes) the solution was made basic (pH 9) by addition 
of NaOH (2N) and N-methyl-S-alanine (4 gms) added. The reaction mixture 
was left to stand for 20 hrs at 35° ' . Addition of LiC104 to the cooled 
solution gave orange crystals of i,-[Co(trien)(N-me-S-ala)](Cl04) 2 which 
were collected and washed with acetone. Pmr spectra of this product 
indicated that it was a mixture of at least three isomeric species. 
Fractional crystallisation of the perchlorate salt however did not yield 
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any significant isomer separation. 
(+) 589 13-[Co(trien)(N-me-S-ala)J((+)BCS) 2 • ~-[Co(trien)(N-me-
S-ala)](c104) 2 (12 . 0 gms) was dissolved in a ,minimum volume of water and 
converted to the chloride salt using an anion exchange column (BI0RAD 
AG1-X8, 200-400 mesh) in the chloride form o The eluent was evaporated 
to dryness and the product redissolved in the minimum volume of warm 
water. Silver(+) bromo-camphor-TT-sulphonate monohydrate (Ag(+)BCS) 
(12.0 gms) was then shaken with the warm solution and precipitated AgCl 
was removed. When the filtrate volume was reduced on a rotatory evaporator 
the diastereoisomer crystallised. By removing fractions and further 
evaporation, four fractions were obtained with specific rotations, [~] 546 
6 0 0 0 0 of -1 2, -140, +194 and +194 respectively. The most soluble fractions 
with positive rotations were recombined and fractioned to constant specific 
rotation [~] 546 = +305° and t~)436 = -259°. Attempts to purify the (-) 589 
diastereoisomer fractions by this method were unsuccessful. Pmr spectra 
showed that these fractions contained at least two other isomers. 
(+) 589-~-[Co(trien)(N-IDe-S-ala)JBr2.tt2o. The optically pure 
diaste_reoisomer ( + )589 13- (Co( trie_n) (N-me-S-ala) J ( ( + )-BCS )2 was converted 
to the bromide salt by grinding with excess NaBr and water (10 mls). The 
active bromide salt was washed with an acetone water mixture and finally 
with pure acetone and dried under vacuum. The specific rotations were 
Analysis . 
C, 24.75; H, 5.83; N, 14.44; Found: C, 24-.90; H, 5.74; N, 14-.07 . 
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The preparative isomeric 
mixture ~-[C o(trien)(N-me-S-ala)](Cl04)2 (25.1 gms) was converted to the 
iodide salt by grinding with excess NaI and water (20 mls). Thia was 
fractionated in acidified water (pH3) several times. Fr~ctions of similar 
rotation were recombined and the least soluble fractions were purified 
t o constant rotation, [~] 546 ; -462°, (a] 436 = +751°. The (+) 589 isomer 
was contained in the most soluble fractions and no attempt was made to 
purify the isomer by this route. 
Analysis . 
H, 5.07; N, 11.73; Found: C, 20.09; H, 4.65; N, 11.39. 
Pmr Spectra of Pure Isomers. (-)589-~-ICo(trien)(N-me-S-ala)]-
I
2
.2H
2
0 (0.1 gms) was dissolved in a minimum amount of water acidified with 
acetic acid. Excess AgCl was added and the precipitated AgI removed by 
filtration . The filtrate was evaporated to dryness and taken up in DCl 
(0.5 mls of 0.01N) for measurement of the pmr spectra (see Fig. I.26b). 
(+)
589
-~-ICo(trien)(N-me-S-ala)]Br2 .H20 (0.1g) was sufficiently soluble 
to be dissolved in Del · (0.5 mls : of 0.01N) for pmr measurement of the 
spectra (see Fig. I.26a). 
Pmr Spectra of Equilibrated Isomers. 
Equilibration at pH]. (-) 589-~-ICo( trien) (N-me-S-ala)] I 2 .2H20 ( 0.1 gm_s) 
was dissolved in water at pH7. The solution was ~eft at 25° for 35 min-
utes c~ 6 x t1;2) and then acidified _with acetic acid. Excess AgCl was 
added and the precipitated AgI removed. The filtrate was evaporated to 
dryness and then dissolved in DCl (0.5 mla of 0.01N) for measurement of 
the pmr spectra (see Fig. I.26d). 
3 
3 
Figure I.26 
~) (b) 
2 0 3 2 
~) (d) 
2 . 0 3 2 
ppm ppm 
100 MHz pmr spectra of B-[Co(trien)(N-me-ala) ] 2+ 
isomers (external reference Me 4Si ) 
2+ (a) (+) 589 -S-[Co(trien)(N-me-S-ala)] in 
DC£ (0.0lN) 
2+ (b) (-) 589 -S-[Co(trien)(N-me-S-ala)] in 
DC£ (0.0lN) 
. 2+ (c) (-) 589 -S - [Co(trien)(N-me-ala)] i somers in 
neutral D2o after equilibration at pH 12. 
(d) ( - ) 589 -S-[Co(trien)(N-me-S-ala) ]
2
+ isomers 
after equilibration in D20 at pH 7. 
0 
0 
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Equilibration at pH 12. (-) 589-~-[Co(trien)(N-me-S-ala)] r2 .2H20 
(0.1 gms) was dissolved in 0.01N Na0H. The solution was left for 25 
minutes at 25° (~ 6 x t 1; 2 ) and then acidified with acetic acid (pH 3). 
~e complex was adsorbed on a cation exchange column (BI0RAD AG 50W-X4, 
200-400 mesh) and washed with water to remove small amounts of hydrolysis 
products. Finally, the amino acid complex was eluted off the column with 
HCl (2N), evaporated to dryness and dissolved in D20 (0.5 ml) for the 
measurement of the pmr spectra (see Fig. I.26c). 
Polarimetric Kinetic Studies. The rates of equilibration at 
both pH 7 and pH 12 were followed : polarimetricallye Weighed samples 
(0.05 gms) of (-)
589
-~-ICo(trien)(N-me-S-ala)JI2 .2H20 were dissolved in 
buffer (10 mls) or Na0H solution (10 mls) and quickly transferred to a 
thermostated cell. The rate of equilibration was followed at 480 nm 
where the change in rotation was approximately 0.1°. The measurement 
was made at 27.0° in pyridine buffer (0.05 M) at pH 6.5 adjusted with 
Nac10
4 
to an ionic strength of 1.0. Equilibration at pH 12 (Na0H, 0.01N) 
O 0 
was followed at 27 and 490 run where the change in rot~tion was also ~o.1 ~ 
7.3 Results and Discussion 
The pmr spectrum of the reaction mixture was analysed for a 
mixture of three ~-[Co(trien)(N-me-S-ala)] 2+ isomers. This spectrum was 
analogous to that obtained when the isomers were equilibrated at pH 12 
(see Fig . I.26c). The three peaks at 3.04, 3.02 and 2.83 ppm were 
attributed to three different N-methyl singlets where the proton on this 
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cent re has exchanged with the solvent D2o. In the 2 ppm region of the 
spe ct rum there are three superimposed doublets arising from three different 
C-methyl groups split by the proton on the a-carbon atom of the coordinated 
amino acid. 
Two of these diastereoisomers have been isolated pure by fractional 
crystallisation and their pmr, ORD, CD and visible absorption spectra are 
presented in Figs. I.26, I.27, I.28 and I.29. In the pmr spectra, the 
N-methyl signals appear as doublets since this centre remains protonated 
in the acidic conditions of the n2o solutions. It is evident from the 
ORD and CD spectra that these two complexes are enantiomeric with respect 
to the configuration about each cobalt ion. Unfortunately, all attempts 
to purify the remaining isomer by the use of fractional crystallisation, 
ion exchange, paper chromatography and resolving agents were unsuccessful. 
Despite the impurity, most of the properties of this isomer were obtained 
and are discussed later. 
~ 
I somerism in these compl~xes can occur from a variety of sources. 
Namely, the configuration about the metal ion, the configuration of the 
coordinat ed amino acid, and the configurations at the N-methyl and 'planar' 
sec-N centres. The assignment of structurea to these isomers is discussed 
in some detail below. These assignments are based on the correlation of 
spec t ral properties with closely related compounds of known structure 
and t he results of the equilibration experiments. 
There is a close correspondence between the visible spectra of the 
isolated isomers (Fig. I.29) and the complexes L(-)589-~2-RRS[Co(trien) 
(sar)J 2+, (55), L(-) 589-~2-RRS-[Co(trien)(S-Pro)J
2
+ and D(+) 589-~2-sss-
[Co(trien)(S-Pro)J2+,(18). It was concluded therefore that the 
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after equilibration at pH 7 . 
1· 5 
1· 0 
0 · 5 
- 0 · 5 
-1 · 0 
-1 · 5 
~~ 
""' 
~," -~ 
'\ ,111 ,. 
~- /; 
~- /1 ~ · / \' I I 
~- ·1 ~ 1, 
\ /1 
., 1· 1 
.~ ,,, ·/ 
\ " _/ / 
\ \ I I 
·, \ / I 
·,_\ / / 
........ \, ... · / 
_ _,,, 
600 580 560 540 520 500 480 460 440 420 400 
nm 
Figur e I.28 CD spectra of S~(Co(trien)( -me-S-ala)] 2+ i somers 
(+) 589 -8-(Co(trien)(N-me-S-ala)]
2
+ in HC £04 (O . lN) 
--- (-) 589 -8-(Co(trien)(N-me-S-ala)J
2
+ in HC £04 (O.lN) 
-·- (-) 589-8-(Co(trien)(N-me-S-ala)]
2
+ isomers in H20 
after equilibrat ion at pH 7. 
180 
160 
140 
120 
100 
>,. 
+-
·-> 80 
·-+-
a. 
... 
0 60 
_,, 
.!l 
0 
40 
... 
0 
-0 20 E 
0 
320 
,·1~-\ 
// \ 
/1 \ 
·I/\ 
It! \ \ 
\\ 
360 
\\ 
\\ 
-~ 
-~ ~ 
l \ 
\ 
~ 
I " . ..-,. I I/ ,,. 
I /~ \\. J/ " \\ 
II \ \_ 
I I \ ~. 
\\ 
\ 
I 
\. ./I 
. ./ 
,-
400 440 4 80 520 
~-~ . 
\ 
'· ,. 
~-
"-.."'-·-· 
:::---
560 
nm 
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2
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N-methyl-S-alanine complexes have the ~2 configuration (N-methyl group 
trans to trien 'planar' sec-N atom). This conclusion was supported by 
an examination of Dreiding models which indicated for the ~1-[co(trien) 
(N-me-S-ala)] 2+ isomers there would be very large steric interactions 
between the N-methyl groups and the trien ligand. 
The absolute conf'igurations of the trien moieties about cobalt, except 
for the configuration at the 'planarw N centre 1 were assigned by comparing 
the ORD and CD spectra with those for the ~2-[Co(trien)(S-Pro)]
2
+ isomers 
as D(+) 589-~2-[Co(trien)(N-me-S-ala)]
2
+ and L(-) 589-~2-[Co(trien)(N-me-S-
ala)]2+ (Figs. I.27 and I.28). All three isome~s were interconvertible 
as anticipated and the- positions of equilibria and rates of equilibration 
I 
have been measured. Two distinct equilibria were studied in different 
pH ranges. At pH 6 . 5 (27 . 0°) the L( -)589-~2-[Co(trien)(N-me-S-ala)J
2
+ 
undergoes a mutarotation reaction with retention of configuration about 
-4 -1 the cobalt ion and with a rate constant k = 6.4 x 10 sec • The pmr, 
ORD, CD and visible absorption spectra of the equilibrium solution are 
shown in Figsa I.27, I . 28 and I.J9, and clearly differ from those of the 
reactant. At this pH the N-methyl protons have exchanged with solvent 
n2o and the pmr signals have collapsed to singlets. The apparent triplet 
signal in the C-methyl region corresponds to the overlap of two doublets. 
The peaks at 3.00, 1.96 and 1.89 ppm (Fig. I.26d) correspond to the 
formation of an equal abundance of the isomer which could not be purified. 
In this pH region the rate constant corresponds to that expected for 
mutarotation at an asymmetric N centre.( 8 , 67 ) 
At pH 12 another mutarotation reaction was observed, also with retention 
- - - -- --~-~ -
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of configuration about the cobalt centre, and with a rate constant 
~ 3 -1 ( 0) k = 3.1 x 10 sec 27.0 • The pmr spectrum for the final equilibrium 
solution is shown in Fig. I.26c. The ORD spectra (at 5 half lives) showed 
evidence of slow base hydrolysis of the amino acid moiety_, but this did 
not interfere with the study of the equilibration reaction. In this pH 
region proton exchange at the u-carbon atoms of coordinated amino acids 
has been found to be quite fast.( 13 ) Also from pmr spectra deuteration 
was observed at the C-methyl centre during the mutarotation reaction. 
Further , the new pmr signals in the spectrum of the equilibrated solution, 
correspond to those of the purified D(+) 589-~2ICo(trien)(N-me-S-ala)]
2
+ 
ion ( ig. I.26a). Therefore it is proposed that the second mutarotation 
reaction corresponds to inversion at the amino acid asymmetric C centre 
leading to L(-) 589-~2fco(trien)(N-me-R-ala)]
2
+, the enantiomer of the 
isolated D(+) 589-~2-[Co(trien) (N-me-S-ala)J
2
+ isom~r. 
Two possibilities exist for mutarotation at the N-centre. Either 
inversion occurs at the N-methyl group or at the 'planar' sec-N centre 
of ~-trien. In the complexes [CQ(en) 2(sar)]
2+,( 11 , 12 ), ~2-[Co(trien)(sar)] 
2+,( 55 )and [Co(en) 2(N-me-S-ala)]
2+,( 6B) mutarotation at the N-methyl centre 
was excluded. The excluded inversion reaction was attributed to unf'avour-
able steric interactions between the methyl group and the adjacent en or 
trien chelate ring for the less stable form. It was concluded therefore 
that in the [Co(trien)(N-me-S-ala)J 2+ complexes the mutarotation at pH 6.5 
was associated with N- inversion and conformational interchange in the 
trien ligand (Fig. I.30). 
The most stable configuration for the ~-trien topology is that shown 
,/ 
N 
0 
[1] 
Figure I .30 
-
~ · 
~/ 
0 
[11] 
Equili~riurn and s tructuraJ relationships 
i s omers. 
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for the L(-) 589-~2-RRS-[Co(trien)(N-me-R-ala)J
2
+ ion. This conclusion 
has been reached from a study of a number of ~-trien complexes(B,55 ) and 
is supported by several structural analyses(4B)(Chaptera 2, 4 and 5). 
However , the equilibrium results here imply that the L(-)589-~2-RRS-
[Co(trien)(N-me-S-ala)J2+ and L(-)589-~2-RSS-[Co(trien)(N-me-S-ala)J
2
+ 
isomers (Fig. 1.30) have almost the same stability in solution~ Therefore 
it was difficult to make individual structural assignments to the two 
isomers , although the structural relationship between the isomers was 
quite clear. The reasons for this departure fro~ the general stability 
relationship found for the ~-trien diastereoisomers are not understood 
but it may be derived from an entropy rather than an enthalpy factor. 
A structural analysis is in progress to solve the structural problem and 
measurements of ~Hand ~S for this type of equilibria are also planned. 
The most stable con.figuration for the chelated N-methyl-S-alanine 
moiety should be that in which the two methyl groups are trans to each 
other whereas for the cis configuration the N-methyl and C-methyl groups 
are in a sterically less favourable eclipsed con.figuration. This analysis 
requires the L(-) 589-~2-RRS-[Co(trien)(N-me-R-ala)J
2
+ to be more stable 
han 1(-)589-~2-RRS-[Co(trien)(N-me-S-ala~ 
2
+ where the methyl groups are 
now cis to each other (Fig. 1.30). The equilibrium results support this 
conclusion and the pmr spectrum (Fig. I.260) indicates that L(-)589-~2-
RRS -[Co(trien)(N-me-R-ala)J2+ is approximately three times more stable 
than the other two isomers. 
In the related ethylenediamine complexes the D-R-[Co(en) 2(N-me-S-ala)J
2
+, 
which has trans methyl groups, is formed stereospecifically.( 6B) Under 
-- - ---- -
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alkaline conditions when the proton on then-carbon atom was exchanging 
rapidly with solvent D20 it was shown that mutarotation at this centre 
was excluded. It was d~duced therefore that stereospecificity in the 
formation reaction was likely to be of thermodynamic origin. The difference 
between the trien and en complexes is probably associated with differences 
in non-bonded interactions in the complexes. These aspects will be 
discussed further in the section dealing with the strain energy minimisation 
calculations on the [Co(trien)(N-me-S-ala)J 2+ isomers (Part II). 
PART II 
THE PID;DICTION OF MOLECULAR GEOMETRY AND RELATIVE STABILITIES 
USING- STRAIN ENERGY MINIMISATION CALCULATIONS 
CHAPTER 1 
The Minimisation Method and Potential Functions 
1.1 Introduction 
The calculation of structure and energies of molecules is 
fundamental in chemistry. Theoretically, it is possible to calculate 
the exact geometry and energy of a molecule using quantum mechanics. 
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In practice however, such calculations are extremely difficult even for 
such simple molecules as ethane.(G9) Another more practical approach to 
this problem is to assume that molecular strain can be represented as a 
summation of four semi-empirical energy terms. These terms include 
potential functions for non-bond.ad interactions, bond angle bending, 
bond stretching and torsional strain. Although this is undoubtedly an 
oversimplification of the problem, this approach has met with considerable 
success. One of the earliest examples of the successful applications of 
semi-empirical methods was the explanation of the rate of racemiaation of 
substituted biphenyls by Westheimer.( 7o) However this work and subsequent 
studies by Hendrickson( 71 ) lacked generality in that the methods of 
calculation were specific for the particular molecules studied. 
Wiberg( 72 ) introduced a general scheme for strain energy calculations 
~ -~---
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and employed the method of steepest descent to find the molecular con-
figuration of minimum energy. The extensive arithmetic involved in such 
a scheme was handled with the aid of a computer program. More recently 
I 
steepest descent approaches have lost favour in preference to Newton-
Raphson methods( 73 , 74) of minimisation where the coordinate shifts towards 
a minimum energy configuration are calculated directly. Initially, these 
methods were limited to internal coordinates where there exists a problem 
of redundant parameters. However, Boyd( 75 ) has developed a method which 
uses a modified Newton-Raphson minimisation technique and the more easily 
handled cartesian coordinates. It is this latter method with some modific-
ations which has been adopted for the calculations described in this thesis. 
However, throughout this period of development at no stage have 
cooperative minimisation techniques been applied to inorganic structures, 
although some studies have been made on the conformational analysis of 
chelate systems. The pioneering work of Mathieu( 7G) and Corey and Bailar(3) 
on chelate ring conformations indicated the importance of non-bonded 
interactions as a factor in determining isomer stabilities, and this was 
later supported by similar simple calculations and equilibrium measure-
ments.(77) One of the problems in these studies was the absence of a 
precise knowledge of the molecular geometry in the molecules concerned 
and little was to be gained at that time by a more comprehensive approach. 
However, in the past few years X-ray analysis has provided accurate 
structural detail and the calculation of minimum energy conformations of 
substituted five-membered diamine chelate rings has recently been re-
examined by Hawkins and Gollogly.( 7B) Although a general force field was 
------ ~--- ---~ -- -
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used in this study, it was restricted to calculating the effect of one 
variable at a time on the total energy. The potential energy surface was 
then mapped for several changes in the variables. However, for the 
calculations described in this thesis all the independent internal 
coordinates are allowed to vary simultaneously. In this way the molecular 
parameters are cooperatively minimised to a single minimum configuration. 
Strain energy minimisation calculations have been carried out on a 
series of chelate complexes with the aim of predicting molecular geometries 
and relative stabilities of these types of compounds. Initially, to test 
the procedure complexes have been studied where structural and/or 
equilibrium data are available for comparison with the calculations. 
1.2 Potential Functions 
The total strain energy, U of a molecule was assumed to be equal 
to the summation of four terms, i.e . 
u = E U(r .. ) + 
(ij) l.J NB E U(Q .. k) (ijk) l.J 
-· 
+ E U(/. 'kl) (ijkl) l.J + E U(r .. )B ( . . ) l.J l.J , , 
where U(r .. )NB is the non-bonded potential energy between two atoms i and 
l.J 
j, U(Q .. k) is the potential energy for valence angle deformation between l.J 
bonded atoms i, j and k. U(/ijkl) is the potential energy for torsional 
strain about the bond jk aa defined by bonded atoms i, j, k and 1. 
U(r .. )Bis the potential energy for bond deformation between bonded atoms, 
l.J 
i and j. Each of these terms will be considered separately in some detail. 
Non-bonded Potential Functions. The general form of the non-
bonded potential function between a pair of atoms i and j is : 
U(r .. )l\rn = lJ H.D 
a .. exp(-b .. r .. ) 
lJ lJ l.J 
d .. 
l.J r .. l.J r .. l.J 
6 
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Y/hen b .. = 0 and d .. = 12 the function is of the Lennard-Jones type and 
lJ l.J 
if d. . = 0 the function reduces to the Buckingham type I i.e. l.J 
U(r .. ) l\rn = a.j exp(-b .. r .. ) l.J H~ l. l.J l.J c. ·; 6 l.J r .. l.J 
In most of the calculations to be described functions of the Buckingham 
f orm with constants given by DeCoen et al( 79 ) have been used (see Table 
II.1). These constants were obtained by comparing various calculated 
potential energy curves with experimental potential energy curves for 
gaseous molecules such as methane. The constants for oxygen and nitrogen 
non-bonded interactions are those listed by Liquori et al.(BO) 
The potential 
'hard' Mason and 
curves and close 
functions using these constants lie somewhere between the 
Krevoy functions(B1 ) and the 'soft' Scott and Sheraga(B2) 
to the Bartell functions.(B3) All interactions between 
non-bonded atoms (except between atoms bonded to the same atom) up to 
distances of 1.2 times the sum of their Van der Waals radii have been 
included. 
Valence Angle Deformations and Bond Stretching Potential Functions. 
Both valence angle deformations and bond stretching potential functions 
have been aasumed to be of the form 
u( G .. k) l.J 
and U(r .. ) 
l.J 
= 
= 
1/2 Jc. 'k. (G .. k l.J l.J 
1/2.k~ . . (r .. l.J l.J 
--
Q~ .k) 2 valence deformation 
l.J 
o )2 r. . bond s tretohing 
l.J 
TABLE I . 1 
FORCE FI ELD POTENTIAL FIINCTION 
(1) Non-bonded potential function constants b 
Non-bonded atoms a .. b .. (;-1) lJ lJ 
H ...... H 45.8 4.08 
C ...... H 218 4.20 
N ...... H 195 4.32 
C ...... C 1640 4.32 
C ..... . N 1472 4.44 
N ...... N 1295 4.55 
0 ...... H 195 4.32 
0 ...... c 1472 4.44 
0 ...... N 1295 4.55 
(2) Bond Angle force constants, a kij k C 
Bond angle a a~ .k (radians) type k . . k lJ lJ 
H-C-H 0.52 1. 911 
H-N-H 0.53 1. 911 
N-C-H 0.65 1. 911 
C-N-H 0.56 1.911 
C-C-H 0.65 1. 911 
C-C-N 1.00 1. 911 
N-Co--N 0.68 1.571 
N-Co--0 0.68 I. 571 
Co--N-H 0.20 I. 911 
Co-N-C 0.40 1. 911 
C-N-C 1.0 I. 911 
c-c-c 1.0 I. 911 
0-C-0 1.0 2 .095 
0-C-C 1.0 2.095 
Co-0-C 0.40 2.095 
.-
(3) Bond length force constants C 
k:'. 0 
0 
Bond type r .. (A) lJ lJ 
N-H 5.6 1.03 
C-H 5.0 1.09 
c-c S .0 I. so 
C-N 6.0 I. 49 
Co-N 1. 75 1.925 
Co-O 1. 75 1. 90 
C== O 9.0 1. 24 
CONSTANTS a 
C .. lJ 
0.341 
o. 84 
0.69 
2 .07 
1.695 
1. 39 
0.69 
1.695 
1. 39 
Reference 
79 
79 
80 
79 
80 
80 
80 
80 
80 
Reference 
84 
85,86 
84 
85,86 
85,86 
85,86 
84 
Reference 
85,86 
84 
84 
85,86 
87 
a Constants which are not referenced have been estimated and in some i nstances 
fitted to give best agreement with the structural data. 
b The units for parameters a .. and c . . , respectively, 
11 I lJ lJ O -1 
10- ergs.molecule- and 10- 11 ergs.A6 .molecule 
C F . . 105 d -l orce constants are given 1n ynes.cm . 
- - -- --- ---~ 
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where Q. 'k and r .. J.J J.J are the unstrained values for valence deformation 
and bond stretching respectively and k?.k 
1J 
r 
and k .. are the force constants 
1J 
f or angle deformation and bond stretching respectively. The various 
constants used are listed in Table II.1. Angle deformat~on and bond 
stretching terms have been included for all bond angles and bonds within 
the molecule. 
In general the force constants have been obtained from the results of 
vibrational normal coordinate analyses.(B4-s7) These valence force 
constants are not directly applicable to the strain energy minimisation 
since interaction terms are neglected in the present calculations~ However, 
as a good approximation the diagonal valence force constants from Urey-
Bradley force field analyses have been used. 
Torsional Potential Energy. The general expression for a three-
fold potential barrier is a Fourier · s·eries of the form ( 8~) 
U(G) = v3/2.(1+cos3/) + v6/2 . (1+cos6/) + v9/2.(1+cos9/) + 
v12;2.(1+cos12¢) + •••••• 
-· 
where v3 >> v6 >> v9 >> v12 
--(1) 
For molecules like ethane and methylamine, since v6 is very much smaller 
than v
3
(BS) it is not possible experimentally to get a reliable estimate 
In the of v6 . Hence, for most purposes only the v3 term is considered. 
calculations to be described, the v
3 
torsional barriers about C-C (2.4 
-kcal/mole) and C-N (1 .54 kcal/mole·' ) bonds were determined by subtracting 
out the non-bonded contributions from the observed rotational barriers in 
ethane and methylamine respectively.(BB) 
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Hawkins and Gollogly( 7B) recently . considered the torsional barriers to 
rotation about a coordinate bond. They assumed the barrier to be described 
by a simple three-fold potential and derived an expression for the 
rotational barrier about the Co-N bond in hexammine cobait(III) ion as: 
U(/) = 
4 
L V/2.[l+ ooa 3(/ + (i-1) 90)] 
i=1 
-----(2) 
where/ is the torsional angle as shown in Figure II.1a. However, the 
rotational symmetry about the Co-N bond is not simply three-fold but i s 
twelve-fold since rotation by 30° gives an identical conf'iguration (see 
Figure II.1b). Thus it can be shown that the first term in equation (1) 
with a non-vanishing periodicity will be the v12 term. This follows 
directly from the rotational symmetry about the bond. The rotational 
potential about the Co-N bond in cobalt hexammine can then be represented 
by: 
u(/) = v12/2.(1 + cos 12/) 
This rotational barrier (v12 ), must be extremely small due to the known 
rapid fall off of the coefficients in the Fourier series. For example 
in nitromethane the first term with non-vanishing periodicity is · the six-
fold term where the barrier v6 is 0~006 kcal/mole(BB) and the v12 barrier 
has been estimated to be less than 5 x 10-5 kcal/mole.(BB) In general 
if the periodicity is large the energy difference between maxima and 
minima will be smaller than for the three-fold case. This arises primarily 
because the minima are never far from positions of eclipse and at the 
maxima complete eclipse does not occur as with superimposed three-fold 
rotors. These arguments imply a small barrier for the complexes discussed 
~ 
I 
I q> H 
H- ~ N-----=-N-----N 
N 
I 
I 
I 
~ 
IH 
N 
( a) 
H I H ~ : ~ o • N- -~~N~~0--N 
( b) 
~ 
H ol 
~ N- ----N--H--N 
~ 
H I 
N 
Figure II.l Projections down Co - N bond for (Co(NH3) 6]
3
+ showing 
(a) torsion angle¢ 
(b) 12-fold s ymmetry 
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later. The contributions from non-bonded interactions in the torsional 
barrier are included separately and the results support the conclusion 
that the torsional term alone is negligible. 
1.3 Minimisation Method 
The Mathematical Method. The energy minimisation procedure 
adopted is a modified Newton-Raphson method due to ~oyd.(?S) The gradient 
of the total strain energy,V U(r) (where r now represents atomic coordinates) 
is expanded in a Taylor series at a point near equilibrium, then 
vU(r ) = V U(r) + F(.r) 6£. 
-0 
----1(3) 
where r are the equilibrium coordinates and !(r) is the matrix of second 
--0 
derivatives, i.e. 
F 
- a.f3 
The solution of the set of equations 
represents the necessary but not sufficient condition that r is an 
-0 
equilibrium conformation, thus VU(r) = 0 and the equilibrium conform-
- -0 
ation is obtained by solving a set of linear equations for !:a as follows 
r = £.+6£. 
-0 
and therefore r = .r.-!-1VU(!:,) 
-0 
___ (4) 
However, equation (3) is approximate since cross terms are neglected 
and the expansion is truncated past second order terms. Also equation 
(4) is normally solved in terms of cartesian coordinates and the equations 
of transformation from internal coordinates are approximated by assuming 
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or to be small. Thus the solution to equation (4) is not exact and the 
process of forming a set of linear equations is repeated using the new 
coordinates. After each iteration the coordinate shifts o.!:, become smaller 
quantities until the problem converges and the o.!:, become .negligibly small. 
The minimisation is considered converged when the root mean square dis-
placement is less than·b.01Ae This minimisation method is superior to the 
steepest descent technique in that the new set of displacements are 
calculated directly from the linear equations resulting from differentiation 
and convergence is faster near the minimwn.(B9) 
Invariant Internal Coordinates. In this minimisation process, 
molecular translational and rotational degrees of freedom are not considered. 
Hence, at the most there are only 3N-6 degrees of freedom (where N is the 
number of atoms in the molecule). The method of minimisation described 
above uses cartesian coordinates as trial molecular coordinates, and 
therefore six of these coordinates must be fixed. Where possible it is 
advantageous to extract trial coordinates from a crystal structure analysis. 
In this instance an independent ~internal coordinate may be.invariant. To 
avoid this problem the starting coordinate systems have been orthogonalised 
and reoriented such that there are no invariant internal coordinates. 
Arbitrarily, and necessarily, the coordinates x1 , y1 , z1 , y2 , z2 , and 
z3 are fixed during the minimisation. If the reference coordinate system 
is defined as follows, 
X 
'\, 
z 
'\, 
= 
,f 12 
= (~ 12 X ~ 13) X { 12 
= r 12 x r 13 
'\, n '\, 
• 
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where the origin, 0 is at atom 1. 
~ 12 = vector along the bond joining atoms 1 and 2. 
{ 13 = vector along the bond joining atoms 1 and 3. (see Fig.II.2). 
In this way all six fixed coordinates are zero and the condition for 
complete variance of internal coordinates is satisfied. A general program 
has been written in Fortran to calculate cartesian coordinates, based on 
this reference system, from triclinic (or higher symmetry) ~rystal co-
ordinates. 
Trial Coordinates. In all the molecules minimised in this 
thesis, all or part of the trial molecular coordinates have been derived 
from crystal structure coordinates. Clearly, the better the trial coordin-
ates the faster the convergence and the lesser is the chance of falling 
into false minima. However, the procedure is not limited to crystallo-
graphic trial coordinates and as is shown later, convergence can be 
accomplished from starting coordinates quite distant from the equilibrium 
conformation. The trial coordinates were orthogonalised with respect to 
-
a cartesian reference system defined in the manner described in the 
previous section (hereafter called standarised coordinates). 
Dampening Factors. In some instances large oacillations or 
even divergence occurred during refinement. This generally occurred when 
the starting coordinates were distant from the minimised coordinates and 
the number of parameters to be refined was large. The problem arose through 
over calculation of the parameter shifts, q.!:_ and was remedied by incorporating 
a dampening factor, A (0 < A~ 1) as a multiplier to the 6,£ after each 
cycle. The new c5 r' (o,£' = A.<S,£) were then used to calculate the starting 
X 
"--' 
z 
'--"' 
Figure II.2 Standard re ference cartesian coordinate system 
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coordinates for the subsequent cycle. 
The values of A chosen at any stage were dependent upon the distance 
of the trial coordinates from the minimum. Typically, the minimisation 
of a large problem from a set of poor trial 'coordinates was started with 
a small value of A (0.25). This was increased stepwise as the refinement 
progresBed, reaching unity in the last few cycles. The procedure wa8 
successful in solving problems of oscillation or ·divergence. Moreover, 
the range of trial coordinates has been usefully extended, particularly 
for the larger minimisation problems. 
CHAPTER 2 
Strain Energy Minimisation Calculations of 
~2-[Co(trien)(S-Pro)J
2
+Isbmers 
2.1 Introduction 
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The chemistry and crystal structures of the ~2-[Co(trien)(S-Pro)]
2
+ 
ions have been discussed in some detail in Part I. In summary, from an 
examination of Dreiding stereo models it was predicted(iB) on the basis 
of steric interactions alone, that for the reaction of S-proline with 
racemic f3-ICo(trien)(OH)(H20)]
2
+ the L-f32-RRS-ICo(trien)(S-Pro)] 
2
+ ion 
would be formed stereospecifically. However, it was found( 1B) that two 
diastereoisomers were formed in equal abundance with enantiomeric config-
urations about the metal ion. Crystal structure analyses showed these 
isomers to be L-f32-RRS-ICo(trien)(S-Pro)J
2
+ and D-f,2-ssS-fCo(trien)(S-Pro~ 
2
+ 
ions. The structures indicated that angular deformations could relieve 
non-bonded interactions in both;these isomers thereby reducing the energy 
difference between these two forms. Unfortunately, attempts to measure 
the relative stabilities of these diastereoisomers by mutarotation of the 
amino acid were unsuccessfulS18 ) 
Strain energy minimisation calculations have been carried out on these 
isomers to study the effects of non-bonded interactions, angle deform~tions» 
· bond length distortions and torsional strain~ in determining molecular 
geometry an~ relative stabilities. In addition calculations have been 
carried out on other possible ~2-{Co(trien)(S-Pro)J
2
+ i somers and some 
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predictions are made regarding the geometries and relative stabilities 
of these isomers. 
2.2 Results and Discussion 
I 
L-~2-RRS-[Co(trien)(S-Pro)]
2
+ and D-~2-SSS-{Co(trien)(S-Pro)]
2
+~ 
Initially, the trial coordinates for tha energy minimisation of both 
L-~2-RRS-[Co(trien)(S-Pro)]
2
+ and D-~2-ssS- [Co(trien)(S-Pro) ]
2
+ i somers 
were the crystal structure coordinatesj (Chapters 4j 5, Part I) orthogon-
alised and standardised. Convergence from these trial coordinates was 
quite rapid (5-6 cycles) and the final coordinates are shown in Table ll.2. 
The summation of total energy included 316 and 319 terms for the 1-RRS 
and D-SSS forms respectively. In each case a total of 129 independent 
coordinates were varied. Perspective views of the molecules accurately 
drawn from the minimised coordinates under computer controlj are shown in 
Figs. II.3 and II.4. Non-bonded interactions greater than 0.5 kcal/mole 
are shown as dashed lines. 
Bond angles along with Co-N bbnd lengths from energy minimised and 
crystal structure coordinates are compared in Table II.3. The large 
number of bond angles containing the H atoms do not vary greatly ( ± 2°) 
and therefore are not liatedo Also the intra-ligand bond lengths did not 
vary signif_icantly from the unstrained values. However, the Co-N values 
did vary slightly and these appear in Table 11.3. 
The major angular distortions found in the crystals are accurately 
predicted from the minimisation. The Co-N(5)-C(7) angles are: 
L-RRS crystal, 122.2(1.7) 0 » minimisationj i20.7°» i .i kcal/mole; 
• 
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TABLE II.2 
POSITIONAL CO-ORDINATES OF 112-(Co(trien) (S-Pro))
2
+ ISCHRS FR04 ENERGY MINDCISATION 
2+ 2+ 12+ 2+ L-82-RRS-[Co(trien)(S-Pro)) D-82-SSS-[Co(trien)(S-Pro)) L-112-RSS-[Co(trien)(S-Pro) 0-82-SRS-(Co(trien)(S-Pro)) 
Atoa x(A) y(A) z(A) x(A) y(A) z(A) x(A) y(A) z(A) x(A) y(A) z(A) 
Co 
N(l) 
N(2) 
N(3) 
N(4) 
N(S) 
0(1) 
0(2) 
C (1) 
C(2) 
C(3) 
C(4) 
C(S) 
C(6) 
C(7) 
C(8) 
C(9) 
C(lO) 
C(ll) 
H(l) 
H(2) 
H(3) 
H(4) 
H(S) 
H(6) 
H(7) 
H(8) 
H(9) 
H(lO) 
H(ll) 
H(l2) 
H(l3) 
H (1-4) 
H(lS) 
H(l6) 
H(l 7) 
H(l8) 
H(l9) 
H(20) 
H(21) 
H(22) 
H(23) 
H(24) 
H(2S) 
H(26) 
0.000 
1.9S9 
0.118 
-1.942 
-0.064 
-0.197 
-0.269 
0.012 
2.4S4 
1.433 
-1.044 
-2.266 
-2.432 
-1.426 
0.896 
0. 792 
0.468 
-0.44S 
-0.143 
2.310 
2.323 
3.409 
2.S94 
1.433 
1.660 
0.069 
-0.918 
-1.1SO 
-3.060 
-2.612 
-2. 380 
-2.S57 
-3.402 
-1. 659 
-1.463 
0.114 
0.648 
-1.041 
0.748 
1. 881 
-0.011 
1. 738 
-0.041 
1. 380 
-1.487 
0.000 
0.000 
1.928 
0.279 
-0.100 
-1. 96S 
-1.1S4 
-0.00S 
1.412 
2.294 
2.429 
1. 723 
-0.123 
0.330 
-2.887 
-4.073 
-3.453 
-2.302 
-1.100 
-0.4S4 
-0.499 
1.496 
1. 721 
2.120 
3.344 
2.310 
2.224 
3.S07 
1.783 
2.235 
-0.319 
-1. 203 
0.333 
-0.123 
1.414 
-1.063 
0. 51S 
-2.221 
-3.194 
-2.443 
-4.739 
-4.617 
-4.171 
-3.101 
-2.S9S 
0.000 
0.000 
0.000 
-0.007 
-1. 946 
0.170 
3.69S 
1.904 
-0 .0S4 
0.603 
0.790 
0.271 
-1. 367 
-2.391 
-0.283 
0.630 
l.95S 
1.612 
2.462 
0.8S6 
-0.824 
0.469 
-1.092 
1.680 
0.408 
-0.9S6 
1.8S4 
0.6S3 
1.018 
-0.628 
0. 710 
-1.428 
-1.S74 
-3.3S7 
-2.S02 
-2.263 
-2.366 
-0.360 
-1. 320 
-0.170 
0 . 307 
0.674 
2.600 
2.441 
1. 760 
0.000 
1.962 
0.128 
-1.944 
-0.0S8 
0.016 
0.41S 
-0.006 
2.4S8 
1.4S4 
-1.022 
-2.2S2 
-2.428 
-1.400 
-1.19S 
-0.987 
-0.428 
0.41S 
0.168 
2.321 
2.320 
3.429 
2.S62 
1.680 
1.473 
0.06S 
-0.886 
-1.124 
-2.609 
-3.036 
-2.404 
-2.S84 
-3.383 
-1.40S 
-1.636 
0.081 
0.679 
0.766 
-1. 264 
-2 .107 
-0.273 
-1. 932 
0 . 184 
-1. 238 
1.474 
0.000 
0.000 
1.928 
0.288 
-0.096 
-1.97S 
-1.170 
-0.020 
1.408 
2.29S 
2.427 
1.731 
-0.062 
0.389 
-2.810 
-4.041 
-3.492 
-2 . 31S 
-1.119 
-0.S47 
-0.421 
l.S03 
1.698 
3.344 
2.120 
2.313 
2.212 
3.S07 --
2.262 
1.784 
-0.303 
-1.133 
0.426 
1.476 
-0.032 
-1.064 
0.492 
-2.298 
-3.070 
-2.321 
-4. 713 
-4.S58 
-4.243 
-3 .177 
-2.S82 
0.000 
0.000 
0.000 
0.017 
1.948 
-0.169 
-3.667 
-1.906 
0.099 
-O.S78 
-0.807 
-0.293 
1.39S 
2.396 
0.10S 
-0. 72S 
-2 .004 
-1.S76 
-2.4S2 
0.797 
-0.869 
-0.392 
1.146 
-0.377 
-1.6S4 
0.9S4 
-1.867 
-0.680 
O.S92 
-1.0S1 
-0.690 
l.S00 
1.601 
2.480 
3.376 
2.270 
2.36S 
0.461 
1.163 
-0.229 
-0.247 
-0.902 
-2.S06 
-2.665 
-1. 617 
0.000 
1.963 
0.1S7 
-1.938 
-0.009 
-0 . 177 
0.031 
-0.0S9 
2.473 
1.486 
-1.018 
-2.21S 
-2.398 
-1.391 
0.818 
1.124 
1.007 
-0.164 
-0.017 
2.313 
2.331 
2.S77 
3.447 
1.707 
l.S2S 
0 . 121 
-1.107 
-0.923 
-2.424 
-3.087 
-2.414 
-2 .S34 
-3.36S 
-1.S23 
-l.S56 
0.368 
0.594 
-1.104 
0.390 
1. 733 
0.39S 
2.133 
0.807 
1.919 
-1.091 
0.000 
0.000 
1.930 
0.2M 
-0.239 
-l.95S 
-0.907 
0.133 
1.40S 
2.324 
2.S14 
1. 76S 
-0.372 
-0.134 
-2.90S 
-3.91S 
-3.129 
-2.221 
-0.926 
-O.S57 
-0.399 
1.67S 
1.49S 
3.361 
2.211 
2.2S4 
3.S74 
2.417 
2.101 
1.997 
-0.1SO 
-1.443 
0.030 
-0.891 
0.838 
-1.170 
0.4S4 
-2.228 
-3.407 
-2 .401 
-4. 727 
-4.314 
-3.790 
-2.S58 
-2. 711 
0.000 
0.000 
0.000 
-0.1S6 
-1.949 
0.317 
3.776 
1.898 
0.117 
-O.S47 
-0.698 
-0.172 
-1.42S 
-2.S1S 
-0.288 
0.781 
2.0SO 
1.793 
2.S37 
0.794 
-0.876 
1.169 
-0.368 
-0.289 
-1.630 
0.979 
-0.4S2 
-1. 777 
0.84S 
-0.786 
0.6SO 
- 1.279 
-1.732 
-3.291 
-2.977 
-2.173 
-2 .411 
-0.030 
-1.1S8 
-O.S86 
0.763 
0.664 
2.896 
2.232 
2.101 
0.000 
1.96S 
0.187 
-1.939 
0.023 
0.004 
0.303 
-0.097 
2.S10 
1.468 
-1.028 
-2.196 
-2.384 
-1.313 
-1.213 
-1.038 
-0.498 
0.361 
0.088 
2.306 
2.317 
2.770 
3.410 
1. 711 
1.414 
0.2SO 
-1.101 
-1.001 
-2.329 
-3 .106 
-2.4SO 
-2.61S 
-3.298 
-1.478 
-1.361 
0.262 
0. 734 
0.767 
-1. 266 
-2.121 
-0.323 
-1. 993 
0.101 
-1. 317 
1.417 
0.000 
0.000 
1.927 
0.296 
-0.269 
-1.9S7 
-0.893 
0.110 
1.396 
2.306 
2.SS9 
1. 773 
-0.214 
0.016 
-2.793 
-3.966 
-3.338 
-2.196 
-0.938 
-0.447 
-0.S4S 
1.742 
1.417 
3.346 
2.18S 
2.230 
3.596 
2.SSS 
2.014 
2.06S 
-0.191 
-1. 276 
0.293 
-0.663 
1.030 
-1.2S3 
0.310 
-2.339 
-3.122 
-2.267 
-4. 678 
-4.4S9 
-4.059 
-2.978 
-2.4S8 
0.000 
0.000 
0.000 
0.182 
1.94S 
-0.321 
-3.7S5 
-1.901 
0.070 
0.660 
O.S79 
0.044 
1.524 
2.552 
-0.081 
-0.997 
-2.247 
-1.759 
-2.534 
-0.863 
0.801 
-0.933 
0.689 
0.434 
1. 741 
-0.985 
0.243 
1.665 
-1.012 
0.571 
-0.570 
1.480 
1.840 
3.392 
2.946 
2.134 
2.410 
0.259 
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0.365 
-0.580 
-1.188 
-2. 808 
-2.872 
-1. 852 
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+ 
Figure II.3 Perspective views of minimised s2-[ Co(trien)(S- Pro)]
2
+ complexes. 
Dashed lines indicate major non-bonded interactions ( > 0.5 kcal/mole). 
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Figure II.4 Perspective diagram of minimised s2-[Co(trien)(S-Pro)]
2
+ complexes 
as viewed down the trien apical chelate ring. Dashed lines indicate 
major non-bonded interactions (> 0.5 kcal/mole). 
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TABLE II.3 
Cc»cPAJl I SON OF IOfl> AJ«;LES IM 8 2-[Co(trien) (S-Pro)]
2
+ ISOCERS 
L-8 2-us D-8 2-SSS L-8 2-RSS D-8 2-SRS 
Atcas Niniaisation! b Crystal- Minillisation! Crystal! Mini.aisation£ Mini.aisation£ 
N(l)-Co-N(2) 16.S IS.5(9) 16.2 IS.5(4) as .3 84.4 
N(2)-Co-N(3) 15.3 15.8(9) as.4 84.5(3) 16.3 16.9 
N(3)-Co-N(4) 11.3 16.2(8) aa.2 SS.8(4) 16.2 16.6 
0(2)--Co-N(S) 84.9 as. 7(7) 84.S 84.8(3) 84. 7 84.0 
N(l)--Co-N(4) 91.9 92.2(8) 91. 7 93.9(4) IJ0.3 19.3 
N(2)-Co-N(4) 93.0 93.6(8) 92.9 91.4(4) 97.0 97.8 
N(l)--Co-N(S) 9S.7 94.6(9) 19.S IJ0.9(4) 9S.l 19.9 
N(S)-Co-N(4) 91.S 91.4(8) 92.1 93.0(4) 92.2 91.4 
N(l)-Co-0(2) 111.6 IJ0.2(8) IJ0.2 IJ0.4(4) 91.a 92.9 
N(2)--Co-0(2) !JO.I •. 3(7) IJ0.6 91.1(3) 16.2 87.0 
N(3)-Co-0(2) IJ0.6 91.8(7) IJ0.4 IJ0.3(4) 92.2 91.9 
N(3)-Co-N(S) '2.4 94.2(9) 98.9 99.2(4) 93.9 99.S 
Co- N(l)-C(l) 109.3 110.4(1.6) 109.3 110. 7(7) 109.9 111.3 
N(l)-C(l}-C(2) 101.3 107.6(2.1) 107.7 107 .6(1.0) 108.4 109.2 
C(l)-C(2}-N(2} 106.2 104.9(1.9) 10S.9 106.S(S) 10S.l 10S.6 
C(2)-N(2)-CO 107.4 101.6(1.4) 107.7 108. 7(7) 109.6 109.6 
Co -N(2)-C(3) 106. 7 101.2(1.6) 106.4 107.4(7) 109.1 110.1 
N(2)-C(3)-C(4) 107.0 104. 7(1.9) 106.9 10S.9(9) 10S.6 10S.9 
C(2)-N(2}-C(3) 113.0 111.3(1.9) 113.2 us. 8(9) 11S.4 11S.O 
C(3)-C(4)-N(3) 109.1 107.S(l.9) 110.2 110.S(l.O) 110.2 110.4 
C(4}-N(3)-Co 110.4 109.4(1. 7) 109.9 110.9(7) 108.9 107.9 
Co- N(3)-C(S} 106.1 101.1(1.3) 107.0 109.0(7) 101.a 108.9 
N(3)-C(S)-C(6) 101.S 106.6(1.9) 108. 7 106.8(9) lot.a 110.3 
C(S}-C(6}-N(4} 101.6 107.9(1.9) 101.5 107.7(9) 109.S 109.3 
C(6)-N(4}-Co 101.2 109.6(1.4) 108.1 110.2(7) 111. 7 111.4 
Co -N(S)-C(lO} 101.7 109.1 (1.3) 107.9 107.5(6) 109.3 108.2 
N(S)-C(7)-C(I} 104.6 104.5(2.0} 104. l 103.3(9) 10S.9 104.1 
C(7)-C(l)-C(9} 103.0 102.0(2.0) 102.9 103.7(9) 103.6 102.9 
C(l}-C(9)-C(l0) 104.2 H.9(1. 7) 104.6 103,4(9) 103.S 104.6 
C(9}-C(l0)-N(S} 106.1 101.2(1.S} 107.l 106. S(S) 106.4 107.l 
C(l0)-N(S)-C(7) 10S.I 104.2(1. 7) 10S.l 105.2(8) 106.1 10s.o 
Co -N(S}-C(7) 120. 7 122.2(1. 7) 122.2 125.3(7) 119.9 121.6 
C(9}-C(l0}-C(ll} 111.1 111.9(2.0) 111.3 114.4(9) 111.1 111.3 
N(S}-C(lO)-C(ll} 109.3 107.6(1.S) 1oa.a 110.2(9) 109.6 108.6 
C(lO)-C(ll)-0(1) 120.S 118.2(2.3) 120.3 121.6(1.0) 120.a 120.4 
' C(lO)-C(ll)-0(2) 111.S 118.1(2.0) 118.2 11S.5(9) 118.7 111.2 
0(1)- C(ll}-0(2) 119.9 123.4(2.S) 
--
119. 7 123.0(l.O) 120.3 119.9 
Co - 0(2}-C(ll) 116.9 118.0(1.6) 116. 7 116.2(6) 117. 0 116.9 
CCJIPAJlISOi OF COIALT-LIGAHD ll(JII) LENGTitS IN 1!2-[Co(tr1enl(S-Pro)]
2+ I-.U 
Co-N(l) 1.9S9 l.9S7(18) 1.962 1.960(9) 1.964 1.96S 
Co-N(2} 1.932 1.924(21) 1.932 1. 943(8) 1.936 1.936 
Co-N(3} 1.962 l. 965 (19) 1.96S 1. 961 (9) 1.966 1.970 
Co-N(4} 1.949 l. 963(17) 1.951 1.9S5(9} 1.964 1.963 
Co -N(5) 1.983 l. 973(21) 1.982 l. 9110(9) 1.988 1.984 
Co -0(2) 1.904 1.8110(14) 1.906 1.924(7) l.ll03 l.ll07 
~e1ults fn,a eneray llini.aisation calculation 
~alue1 deterained froa X-ray crystal structuN analyses 
~clature abbNviations: 2+ 
D-82-sss • D-82-SSS-(Co(trien}(S-Pro}] 
L-82-us • L-82-RRS-(Co(trien}(S-Pro}] 
2+ 
L-82-RSS • L-82-RSS-(Co(trien}(S-Pro}] 
2+ 
D-82-SRS • D-82-SRS-[Co(trien)(S-Pro}] 
2+ 
--------
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D-SSS, crystal 125.3(0.7) 0 minimisation, 122.2°, 1.4 kcal/mole (unstrained 
value 109.5°). These large angular deformations considerably reduce 
H •••.• H repulsions and the final result is a balance between repulsive 
and angular energy terms. 
The major geometrical difference between the L-RRS and D-SSS isomers 
is the relative orientation of the proline ring (Figs o IIo3 and IIo4)o 
In the L-RRS isomer the geometry is such that non-bonded repulsions between 
the extremities of trien and each side of the proline ring approximately 
balance. The major terms are, H(2) ••••• H(21), 2.10A, 0.7 kcal/mole; 
H(13) •.•.• H(19), 2.12Aj 0.6. kcal/mole (Figso II.3 and II.4), whereas for 
the D-SSS isomer the proline ring now interacts largely with the apical 
~-trien chelate ring. To alleviate this interaction the N(3)-Co-N(5) angle 
expands thereby reducing the non-bonded interactions from prohibitive 
values (~14 kcal/mole) to much smaller quantities, i.e. H(21) ••••• H(12), 
2.09A, 0.7 kcal/mole; H(21) ••••• H(13), 2.15A, 0.5 kcal/mole (Figs. II.3 
and II.4). The agreement between crystal structure and minimisation for 
the angular distortion is excellent, N(3)-Co-N(5); crystal, 99.2(0.4) 0 ; 
minimisation, 98.9° requiring 1.2 kcal/mole strain energy from the 
unstrained value of 90°. 
From Table II.3 it is evident that the variation of angles about the 
coordination octahedron from the strain free 90° value is quite large. 
Fig. II.5 compares the coordination angles calculated from crystal and 
minimisation coordinates for the D-SSS isomer. Clearly, the correlation 
indicates that these angles are primarily determined by the restrictions 
of coupled chelate geometry and non-bonded repulsions. 
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ANGLE NUMBER 
Comparison of bond angles about cobalt 10n for 
D- S2-SSS-[ Co(trien)(S-Pro)]
2
+ 
calculated from minimised coordinates 
calculated from crystal structure coordinates (with 
standard deviations ). 
---- - -------
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The minimisation calculations show significant bond stretching for 
the Co-N(5) bonds (mean 1.983A) in both complexes, involving ~o.4 kcal/ 
mole of strain energy. This arises as a result of the steric interactions 
' between the praline and trien ligands. Further, tQe bond. lengthening is 
observed in the crystal structures where the mean Co-N(5) bond lengths 
for the 1-RRS and D-SSS forms were 1o973(21)A and 1o980(9)A respectivelyQ 
The power of the minimisation procedure and the independence of the 
final geometry on the starting coordinates ~ruL demonstrated in the 
following manner. The D-SSS isomer minimised geometry was perturbed such 
that the new geometry resembled that which would be obtained from a 
Dreiding model. This required moving the pyrrolidine 0.7A closer to the 
apical trien chelate ring (6x = -o.5A, 6y = 0.5A, 6z = 0). The minimisation 
procedure shifted the pyrrolidine ring back to a final geometry identical 
with that of the original minimised structure. 
Comparison of L-~2-RSS[Co(trien)(S-Pro)J
2
+ and D-~2-SRS-[Co(trien) 
·2 (S-Pro] : The L-RSS and D-SRS isomers differ from their 
related pairs L-RRS and D-SSS respectively, only in the orientation of 
groups about the asymmetric secondary nitrogen atom N(2). Mutarotation 
at asymmetric N centres of this type has been observed in mildly basic 
solutions(B) (see also Chapter 7j Part I). Therefore it seems likely that 
these new ~2-[Co(trien)(S-Pro)J
2
+ isomers will be formed in solution from 
their parent complexes on treatment with mild base (pH ~9) . No direct 
crystal structure data is available at present for trien coordinated 
in the D-~SR or L-~RS forms and therefore this aspect of the atud.y is 
purely predictive. 
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The trial coordinates were derived by combining pieces of crystal 
structure data. The D-~-SR and L-~-RS trien moieties were obtained by 
extracting the appropriate coordinates from a related quinquidentate 
structure, 4-(2-aminoethy1)1,4,7,10-tetra-azadecane-azidocobalt(III) 
nitrate hydrate (Chapter 3, Part I). ·Praline was obtained from the L-RRS 
and D-SSS crystal structure coordinates (Chapters 4, 5, Part I). If both 
sets of crystal coordinates are in the orthogonalised standardised form 
with a common reference system, then the coordinates can be simply combined 
together. 
Minimisation of both these forms was somewhat slower (8-10 cycles) due 
to the poorer initial models. The final minimised coordinates are given 
in Table II.2e The energy summation included 318 and 320 terms for the 
L-RSS and D-SRS isomers respectively. Perspective views of these molecules 
drawn from the minimised coordinates are shown in Fig. II.6. Intra-
molecular bond angles (excluding those involving H atoms), calculated from 
the minimised coordinates are presented in Table II.3. Major angular 
distortions (Co-N(5)-C(7) and N(3)-Co-N(5) angles) and non-bonded 
repulsions involving the praline moiety are analogous to the L-RRS and 
D-SSS isomers. This is not surprising since the geometric environment 
around the proline is not significantly affected by inversion at the 
secondary nitrogen atom N(2) . 
However, repulsive interactions within the trien rings become important . 
The major repulsive terms are: 
L-RSS, H(6) ••••• H(18) , 2.14A, o.6 kcal/mole; H(9) ••••• H(16), 2.08A, 
0.7 kcal/mole; and D-SRS, H(6) ••••• H(18), 2.10, 0.7 kcal/mole; H(9) 
••••• H(16) , 2.02A, 1 .0 kcal/mole (Fig. II.6). Another significant 
2+ L-B2-RSS-[Co(trien) (S-Pro)] 
23 
D-B2-SRS-[Co(trien)(S-Pro)J
2
+ 
Figure II.6 Perspective views of minimised s2-[Co(t r ien)(S-Pro)J
2
+ complex ions. 
Dashed lines indicate major non-bonded interact ions ( > 0.5 kcal/mole). 
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angular distortion in these isomers must reduce these repulsive inter-
actions considerably. The N(2)-Co-N(4) angles in both these molecules 
are exp anded; -. 0 0 1-RSS, 97.0, 0.7 kcal/mole; and D-SRS, 97.8, 0.9 kcal/ 
mole. 
Trien Geometry. Torsional angles about C-N and C-C bonds, in 
the trien rings calculated from both crystal structure and minimisation 
coordinates are plotted for the 1-RRS and D-SSS isomers (Fig. 11.7). The 
correlation between experimental observation and prediction from minimis-
ation ia excellent. The predictive value of the energy minimisation 
procedure for .' deterznining molecular geometry is demonstrated by the 
correlation with torsional angles which are primary parameters in the 
energy summation (see equation (1.), previous chapter), particularly 
considering the wide range of torsional angles and the large deviations 
from the strain free value of 60°. 
The close correlation between all four curves would seem to indicate 
that the trien geometry is almost unaffected by the orientation of the 
proline molecule in the ~2 isomer system. Further, the agreement between 
crystal and minimisation geometry indicates that intermolecular crystal 
forces have not significantly perttg"bed the trien molecular geometry. 
The evidence from crystal structure analyses (Chapter 6, Part l) p.m.r. 
(47 ,55 )spectroscopy, molecular models and minimisation calculations on a 
number of ~-trien complexes is consistent with a rigid arrangement of 
the conformations. 
A comparison of crystal structures containing -the ~-trien configuration 
showed evidence for angular strain at the sec-N centre, N(2) (Chapter 6, 
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Figur e II.7 Comparison of to r sion angles for trien chelat e r ings 
Part 1). The angular strain was found to be centred at the 
C(2)-r (2)-C(3) bond angle (mean 114.0(7) 0 ). This angular strain is 
reproduced in the present calculations where the mean C(2)-N(2)-C(3) 
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0 bond angle for the 1-RRS and D-SSS isomers is 113.1 , in~olving approx-
imately 0 .3 kcal/mole of angle strain energy. Moreover for both complexes 
the Co-N(2) bond distance (mean 1.923A) is calculated to be shorter than 
the other three metal ligand bond distances in the trien moiety (mean 
0 
1.958A). This result is in agreement with the structural data (Chapter 
6, Part 1) where the comparable bond distances are 1.921(7)A and 1.953(4)A 
respectively. The calculations provide support for the argument that the 
observed shortening of the Co-N(2) bond distance reduces the a?gular strain 
at this ,sec-N centre, (Chapter 6, Part 1). 
Figure 11.8 shows a plot of predicted trien torsion angles calculated 
from the 1-RSS and D-SRS minimised coordinates. Comparison between 
Figs . 11.7 and 11.8 shows that inversion at nitrogen N(2) does not have 
a large effect on the magnitude of the trien torsion angles. In Fig. 11.9 
the deviations of trien carbon atoms from their respective N-Co-N planes 
are compared for 1-RRS and D-SSS isomers, calculated from minimised and 
crystal coordinates. Figure 11.10 shows a plot of the predicted deviations 
of carbon atoms from their respective N-Co-N planes for the 1-RSS and D-SRS 
isomers. 
Proline Geometry . The pyrrolidine ring of proline is very 
strained due to the restrictions of a five-membered saturated ring system 
(c.f. cyclopentane). Some intramolecular bond angles within proline, 
calculated from D-SSS crystal and minimised coordinates, are plotted in 
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calculated from minimised coordinates for 
D-S 2-SSS-[Co(trien)(S-Pro)J 2+ 
calcu lat ed from crystal structure coordinates for 
D-S 2-SSS-[Co( trien) (S-Pro)J
2
+ 
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Fig. II .11. The experimental and predicted values compare well. A13 
expected for a five membered ring the internal angles within the 
pyrrolidine ring are all less than the tetrahedral angle (109.5°) and 
t b t 1050. average a a ou 
A comparison between torsional angles calculated from crystal and 
minimised coordinates for L-RRS and D-SSS isomers is given in Fig. II.12o 
The agreement between observed and predicted values is very good, more 
particularly for the D-SSS isomer. All the pyrrolidine ring torsion angles 
are considerably less than the strain free value (60°). The N(5)-C(10) 
torsion angle is very small and in the 1-RRS form this angle reduces to 
2° so that the N(5)-C(7) and C(10)-C(9) bonds are almost eclipsed. 
Mean planes calculated through the pyrx·olidine ring for the four 
minimised molecules and the two crystal structures, show that in all cases 
the C(8) atom lies ~o .6A above a plane formed by the other four ring atoms. 
f 
This deviation is also in the same sense in all instances, namely trans 
to the carboxyl group. 
Relative Stabilities of Isomers. The final energy terms from 
the minimisation of each isomer are presented in Table II.4. These have 
been divided into the following terms; 
EU( g .. k); torsional 
(ijk) iJ 
energy, U. 
DJ ( ,'_. 'kl); (ijkl) J..J 
non-bonded, I:U(r . . )NB; valence j 
(ij) l.J 
bonded DJ(r .. )B and total 
(ij) l.J 
The calculated energy difference between 1-RRS and D-SSS is 1.6· kcal/ 
mole, and 1.4 kcal/mole of this difference arises from the valence deform-
ation terms. Subsequent to this analysis it was discovered that Yoshikawa 
(9o) had measured the free energy difference between these two isomers by 
116 
11-' 
112 
110 
~ 108 
lj 
UJ 
e 
UJ 
~ 106 ~ 
104 
102 
100 
1 
Figure II.11 
2 
I 
STRAI N FREE 
- ---
- - -- -I 
,. 
I 
3 
ANGLE NUM BER 
I 
I 
T~ 
I 
.1. 
5 
I 
T 
I 
I 
~, 
I \ 
I \ 
I ' 
6 
ANGLE NUMBERING 
7 
Comparison of bond angles around pyrrolidine of 
praline 
calculated from minimised c~ordinates for 
D-S 2-SSS-[Co(trien)(S-Pro)] + 
calculated from cr ystal structure coordinates for 
D-s
2
-SSS-[Co(trien)(S-Pro)] 2+ with standard 
deviations. 
70 
60 
50 
~ 
..;; 
... 
e 
... 40 ...I 
I.,) 
~ 
z 
8 
V) 30 "' 0 
I-
20 
10 
0 
1 
STRA IN FREE 
------------------- -- --- -
.··' .......... . 
.... 
. ····. 
·· ... 
·· .. 
2 3 4 5 
TORSION JIONO 
6 
TORSION BONO NUMBERING 
1 C1--.,c-2 
~ ,._cs 
Ns ,+ 3 
sf'\ ..=y--'• 
C 10 4 1'6 
0 --C11 
2 \ 
0 1 
Figure II.12 Comparison of t or sion angles fo r pyrrolidine r1 g 
of pral ine 
calcu l at ed from minimised coordinates for 
D-S 2-SSS-[Co(t r ien)(S-Pr o)] 2+ 
- - - ca lculat ed from crys t al s tructure coordinates for 
D-S2-SSS-(Co( t rien) (S-Pro)] 2+ 
- · -- calculat ed from minimised coordinates for 
L-S 2-RRS-[Co(trien) (S-Pr o)J 2+ 
· · · · · · · · · calcul at ed from crystal structure coordinates for 
L- S2-RRS-[Co (trien)(S -Pro)] 2+. 
TABLE II.4 
Final Energy Terms for s2-[Co(trien)(S-Pro)]
2
+ Isomers 
(all in kcals/mole) 
L-B -RRS 2 D-B -SSS 2 L-B -RSS 2 
Bond Length Deformations, EU (r .. ) B lJ 1. 2 1. 3 1.5 
Non-bonded Interactions, EU(rij)NB 4.7 4.9 5.4 
Valence Angle Deformations, EU (8 .. k) 7.5 8.9 9.4 lJ 
Torsional Strain, EU(cpijk.~_) 10. 3 10. 2 10.2 
Total Conformational Energy, u 23.7 25.3 26.5 
Energy Differences 0 1.6 2.8 
(Relative to L-6 2-RRS) 
117 
D-B -SRS 2 
1.5 
5.8 
11.1 
10.5 
28.9 
5.2 
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equilibration on activated charcoal and obtained ~G200 = 1.3 kcal/mole 
in favour of the 1-RRS isomer. The calculated energy difference agrees 
with this experimental result. It remains to be seen if the energy 
difference resides largely in the ~H term and some experiments to determine 
the significance of ~Hand ~Sin equilibria of this nature are in progress. 
The calculated and observed energy differences between the isomers are 
to be compared with that assessed from a consideration solely of non-bonded 
H ••.•• H interactions using the conservative Hill non-bonded potential 
function( 62 ) (~14 kcal/mole) and a structure composed from Dreiding models. 
In the present calculation the difference in non-bonded terms for the two 
structures is only 0.2 kcal/mole. 
The energy differences between the 1-RSS and D-SRS and their parent 
isomers 1-RRS and D-SSS, are 2.8 kcal/mol.e and 3.6 kcal/mole respectively. 
The results indicate that these isomers might be formed in solution in 
small concentrations from their parent isomers under mildly basic conditions. 
At present their is no experimental evidence for their existence, but it 
might be possible to separate ~hese small concentrations of unstable 
isomers from the more stable reaction products by ion exchange 
chromatography. 
2.3 Conclusions 
The results show that the energy minimisation treatment is 
successful in predicting the detailed geometries of the strained 
~2 [Co(trien)(S-Pro)J
2
+ ions. The calculations indicate that angular 
deformations are important in deciding the relative stabilities of the 
ions. This is in keeping with past observations that bond angles deform 
119 
with, comparatively, a small expenditure of energ~ for quite large angle 
changes(± 10°). Also, the angles containing the metal distort in 
preference to the intra-ligand angles. Similarly, torsional distortions 
occur easily and both deformations alleviate close non-bonded interactions. 
These deviations occur almost to the exclusion of bond length changes with 
t e exception of some of the coordinate bondso The results emphasise that 
rigid molecular models (e.g. Dreiding models) although useful for 
qualitative analyses are at best crude for any quantitative evaluation 
of relative stabilities. 
Contributions from electrostatic or dipole terms were neglected since 
. 
it was difficult to evaluate these terms for the coordinated organic 
molecules . However , the agreement between calculated and observed 
geometries, and relative stabilities implies that the total contribution 
is small. The sensitivity of the molecular geometry and strain energy 
differences to variations in the force field were examined and these ~esults 
are discussed in a later chapter. 
For the present complexes, tpe structural coordinates are close to the 
minimised values, but in other crystal structures some geometrical 
deformations are prescribed by lattice forces which are not duplicated 
in the isolated molecule.( 91 ) This leads to quite significant differences 
between crystal structure and calculated molecular geometries. 
CHAPTER 3 
Strain Energy Minimisation Calculations on other Cobalt(III) 
Triethylene-tetramine Amino Acid Complexes 
3.1 Introduction 
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This chapter --describes further minimisation calculations on 
cobalt(III) triethylenetetramine amino acid complexes. The amino acid 
complexes are those of glycine, sarcosine (N-methyl glycine) and N-methyl 
alanine. These calculations have been carried out primarily to test the 
value of the minimisation procedure in predicting the relative stabilities 
between isomeric forms of these types of complexes. For the complexes 
chosen equilibrium data is available to compare with the calculated results. 
The calculations also provide information on the expected molecular 
geometries. But in general, structural data is not available for these 
complexes as yet and this aspect of the study is predictive. 
The first complexes studied were the L-~2-RR-fCo(trien)(gly)J
2
+ and 
L-~2-RS-[Co(trien)(gly)J
2
+ isomers. These two complexes differ in the 
configuration at the 'planar' sec-N atom of trien and this type of 
isomerism has been discussed in some detail in previous chapters. 
Equilibrium data for this reaction has been measured( 1B) and is compared 
with the calculated relative stabilities. 
The second series of complexes are some ~2-[Co(trien)(sar)J
2
+ isomers. 
For those isomers one complex ion was formed exclusively (98%) and 
equilibration studies( 55 ) showed that the stereospecificity was of thermo-
dynamic origin. Calculations have been carried out on the most stable 
iso er and t wo other possible isomers to examine the origin of the 
stere ospecif icity and to determine their relative stabilities. 
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Final l y strain energy minimisation calculations have been carried out 
on s ome ~2-[Co ( trien)(N-me-ala)J
2
+ isomers. The preparation, character-
isations and equilibration reactions of these isomers have been previously 
des cribed (Part I, Chapter 7). The measured relative stabilities of these 
isomers could not be readily understood from an examination of Dreiding 
models . I n each case the models suggested a larger energy difference 
between isomeric forms than was f~und experimentally. This discrepancy 
might arise rom the rigidity of the Dreiding models which do not allow 
bond angle deformations to occur and thereby reduce close non-bonded 
i nteractions. The minimisation calculations to be described have been 
car ried out on these isomers to test this proposal. 
3.2 Res ults and Discussion 
~2-[Co(trien)(gly)J
2
+ Isomers. Trial coordinates for the 
minimisation of the 1-~2-RR-[Co~trien)(gly)J
2
+ and 1-~2-RS-[Co(trien)-
(gly)]2+ isomers were obtained from the minimised coordinates of the 
related 1-~2-RRS-[Co(trien)(S-Pr~)]
2
+ and 1-~2-RRS-[Co(trien)(S-Pro)J
2
+ 
isomers. With these starting coordinates and using the force field 
described earlier (Part II, Chapter 1) convergence was quite rapid. A 
total of 255 and 259 energy terms were included for the L-RR and L-RS 
isomers respectively and in each case a total of 108 independent coordi~ates 
were varied. Perspective views of the minimised molecules are shown in 
Figs. I.13 and I.14, where dashed lines indicate non-bonded interactions 
r 
Figure Il.13 Perspective view of L-s2-RR-[Co(trien)(gly)] 2+ 
ion drawn f r om minimised coordinates. 
22 
' 
22 
FigureII.14 Perspective view of L-s 2-RS - [Co(trien) (g ly)]
2+ 10n 
drawn f rom minimised coord i nates. Dashed lines 
indicate major non-bonded interactions ( > 0.51:cal /mol e). 
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greater than 0.5 kcal/mole. 
There are no significant ( > 0.5 kcal/mole) non-bonded interactions for 
the 1-RR isomer. Apart from the C(2)-N(2)-C(3) bond angle in the trien 
ligand (113.7°, 0.4 kcal/mole) there are no major angle d~formations in 
the minimised molecule. However, the L-RS isomer is considerably more 
strained. Major non-bonded interactions include, H(9) ••••• ij(16), 2.12.A, 
o.6 kcal/mole; H(6) ••••• H(18), 2.12A, 0.6 kcal/mole and H(13) ••••• H(19), 
. 
2.14A, 0.6 kcal/mole. The first two non-bonded interactions within the 
trien ligand are reduced by expansion of the N(2)-Co-N(4) bond angle 
(97.0°, 0.7 kcal/mole). Angular strain is also evident at the C(2)-N(2)-
C(3) bond angle (115.0°, 0.7 kcal/mole). In both molecules the conform-
ations of the trien chelate rings ·are very similar to those found for 
trien in the related L-~2-RRS-[Co(trien)(S-Pro)J
2
+ and L-~2-RSS-fCo(trien)-
(S-Pro)]2+ minimised geometries which were discussed in some detail in the 
previous chapter. For the present complexes no bond lengthening of the 
Co-N(5) bond length (mean, 1.954A) occurs as was found for the proline 
complexes (mean,1 .983A ). This : result provides added support to the 
proposal (previous chapter) that the bond stretching in the proline 
complexes arises through non-bonded interactions between the trien and 
pyrrolidine rings. 
Final energy terms for the two ·isomers are shown in Table II.5 and the 
1-RR isomer calculates to be 2.7 kcal/mole more stable than the L-RS 
isomer. Valence angle deformations make the major contribution (1.7 
kcal/mole) to this difference followed by non-bonded interactions (0.7 
kcal/mole). Bond length deformations and torsional strain contributions 
TABLE II.5 
Final Energy Terms for s2-[Co(trien)(gly)]
2
+ Isomers 
(all in kcals/mole) 
Bond Length Defonnations, EU (r .. ) B 
1] 
Non-bonded Interactions, EU(rij)NB 
Valence Angle Deformations, EU(8 .. k) 
1] 
Torsional Strain, EU(~ijki) 
Total Conformational Energy, u 
Energy Difference (relative to 
L-82-RR) 
.• 
L-B -RR 2 L-B -RS 2 
0.6 0.8 
2.9 3.6 
3.4 5.1 
5.3 5.4 
12.2 14.9 
0 2.7 
12 3 
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to the difference in energy are relatively small. 
At equilibrium in solution (20°) the ratio of isomer concentrations, 
[1-RS] / [1-RR] = 1/9, corresponds to a free energy difference, ~G20o 
o 1.3 kcal/mole. The calculations therefore, which are more closely 
related to , enthalpydifferences predict the correct order of stabilities 
but overestimate the energy difference. The possibility of an alternative 
conformation for the apical trien chelate ring was examined. For the 
1- isomer the most stable conformation is almost certainly, o which is 
that found in all structures to date (Part I). However no structural 
data is available for the L-RS isomer and therefore calculations were 
carried out with the _apical trien chelate ring in the A corrformationo 
The calculations indicated that the A conformation would be less stable 
than the o conformation by about 3 kcal/mole. 
The discrepancy between calculated and experimental results for these 
isomers might arise through significant contributions from the entropy 
term, ~S to the free energy difference and experiments are in progress to 
test this proposal. 
-· 
~2-1Co(trien)(sar)]
2
+ Isomers. Three ~2-[Co(trien)(sar)J
2
+ 
isomers were studied and their trial coordinates were derived from the 
minimised ~2-ICo(trien)(gly)J
2
+ isomers. The methyl substituents on the 
amino acid nitrogen atom were initially placed at calculated positions 
based on tetrahedral geometry and standard bond lengths. Using the force 
field previously described, minimisation was carried out on the L-RRS, 
L-RRR and 1-RSS isomers with the inclusion of 281, 281 and 284 energy 
terms respectively. In each case a total of 117 independent coordinates 
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were varied. The minimised coordinates were used to produce perspective 
views of the molecules shown in Figs.II.15,lI.16 andlI.17. Non-bonded 
interactions greater than 0.5 kcal ./mole are shown as dashed lines. 
For the 1-RRS isomer only one major non-bonded interaction occurs; 
. . 
H(13) ••••• H(19), 2.15A, 0.5 kcal/mole. This interaction and other smaller 
close approaches are relieved by distortion at the Co-N(5)-C(7) bond angle 
(117 .0°, 0.5 kcal/mole). Significant bond lengthening of the Co-N(S) 
bond also occurs (1.983A, 0.4 kcal/mole), compared to 1.954A in the related 
glycine complexes. 
Inversion at the N-methyl centre involves considerable destabilisation 
and the following non-bonded interactions occur between the N-methyl group 
and the apical trien chelate ring for the 1-RRR isomer; H(13) ••••• H(22), 
2.13A, 0.6 kcal/mole; and ~(17) ••••• H(20), 2.12A, o.6 kcal/mole. These 
interactions are accompanied by the e~ected angular distortion and bond 
stretching; Co-N(5)-C(7), 120.9°, 1.2 kcal/mole; Co-N(5), 1.994A, 0.6 
kcal/mole . 
Steric hindrance is very pro~9unced for the 1-RSS isomer, there being 
four large interactions; H(1) ••••• H(22), 2.16A, 0.5 kcal/mole; 
H(6) ••••• H(18), 2.10A, 0.7 kcal/mole; H(9) ••••• H(16), 2.10A, 0.7 kcal/ 
mole ; and H(13) ••••• H(19), 2.09A, 0.7 kcal/mole. Angular distortions 
in the trien ligand are analogous to those found for other L-RS isomers; 
C(2)-N(2)-C(3), 114.2°, 0.5 kcal/mole; N(2)-Co-N(4), 97.3°, 0.8 kcal/ 
mole. Distortion also occurs at the N-methyl group (Co-N(5)-C(7), 117.3°, 
0 .5 kcal/mole) and stretching of the Co-N(5) bond is once again observed 
0 (1.986A, 0.5 kcal/mole). 
Figure II.IS Perspective view of L-s 2-RRS-[Co(trien)(sar) ]
2+ 10n 
drawn from minimised co ordinates . The dashed line 
indicates a major non-bonded interaction ( > 0.Skcal/mole). 
Figure II.16 Perspective view of L-B2-RRR-[Co(trien)(sar )]
2
+ 10n 
drawn from minimised coordinates. The dashed lines 
indicate the major non-bonded interactions (> 0.Skcal / ole ) . 
Figure II.17 
-24 
2+ Perspective view of L-S 2-RSS - (Co(trien)(sar)] ion 
drawn f rom minimised coo rd inates. The dashed lines 
indicate the major non-bonded interactions ( > 0.Skcal/mole ) . 
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From the final energy terms shown in Table II.6 it can be seen that 
the L-RRR and L-RSS isomers are calculated to be 3.3 and 3.7 kcal/mole 
r espectively, less stable than the 1-RRS isomer. These results are in 
accord with experiment where it has been aho~n(SS) that ~der equilibrium 
conditions the less stable isomers are not found in detectable quantities 
( < 2fo ). The experiments place a lower limit of about 2.3 kcal/mole on 
the free energy d~ference between the stable and unstable isomers. 
Calculations based on measurements of close interactions using Dreiding 
models and the Hil1( 62 ) potential functionsj indicated an energy difference 
of ~ 8 kcal/mole(SS) between the L~RRS and 1-RRR isomers . Clearly, this 
energy difference is considerably reduced when bond angle deformat i ons 
are allowed to occur. Hence the stereospecificity for the ~2- f Co ( trien)-
(sar)] 2+ ions is supported by the minimisation calculations but t he ener gy 
difference between the isomers is predicted to be considerably less than 
previously proposed.( 55 ) It is of interest to note that for t he present 
calculations, the contributions to the energy difference between the 
1-RRS and 1-RRR isomers (3 .3 kcal/mole) from non-bonded inter actions, 
(0.9 kcal/mole), valence angle deformations (1.1 kcal/mole) and torsional 
strain (1.0 kcal/mole) are almost equal. 
~2-[Co(trien)(N-me-ala)J
2
+ Isomers. Minimisation calculations 
were carried out on four ~2-[Co(trien)(N-me-ala)J
2
+ isomers and their 
initial coordinates were derived from the analogous minimised ~2-[Co(trien)-
(sar)]2+ isomers. Methyl substituents on the ~-carbon atom of the amino 
acid were placed at calculated positions initially assuming tetrahedral 
geometry and strain free bond lengths. The force field previously 
TABLE II.6 
Final Energy Terms for s2-[Co(trien)(sar)]
2+ Isomers 
(all in kcals/mole) 
Bond length Defonnations, 1:U(r .. )B lJ 
Non-bonded Interactions, 1:U(rij)NB 
Valence Angle Defonnations, 
1:U(8 .. k) lJ 
Torsional Strain, I:U(¢ijk£) 
Total Conformational Energy, 
Energy Differences (relative 
to L-S2-RRS) 
u 
.• 
L-S -RRS 2 L-S -RRR 2 
1.1 1.4 
4.6 5.5 
4.3 5.4 
5.2 6.2 
15. 2 18.5 
0 3.3 
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L-S -RSS 2 
1. 4 
5.4 
6.2 
5.9 
18.9 
3.7 
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described was used for the present calculations where a total of 297, 
303, 308, and 308 energy terms were used for the L-RRSR, L-RRSS, L-RSSR 
and 1-RSSS isomers respectively (the last letter in the abbreviated 
isomer nomenclature, denotes the absolute configuration at the a-carbon 
atom of the amino acid). For each isomer a total of 126 independent 
coordinates were varied during the minimisation procedure. Perspective 
views of the complex ions drawn from the minimised coordinates are shown 
in Figs . II.18, II.19,rr.20 andII.21. In these diagrams non-bonded inter-
actions greater than 0.5 kcal/mole are shown as dashed lines. 
For the 1-RRSR isomer there is only one major non-bonded interaction 
( H(17) ••••• H(21), 2.07A, 0.8 kcal/mole) which is reduced by expansion of 
. 0 
the Co-N(5)-C(7) bond angle (118.4, 0.7 lcal/mole) and stretching the 
Co-N(2) bond (1.992A, o.6 kcal/mole). No interaction occurs between the 
N-methyl and C-methyl groups of the amino acid which are in a favourable 
trans configuration. 
However, in the L-RRSS isomer which has the inverted configuration at 
the ~-carbon atom unfavourable ffteric interactions occur between the 
N-methyl and C-methyl groups which are in a less favourable cis config-
' 
uration. Important non-bonded interactions are as follows: H(13) ••••• 
H(19), 2.16A, 0.5 kcal/mole; c{7) ••••• c(10), 2.80A, 0.7 kcal/mole ·. The 
methyl groups are oriented to minimise H ••••• H non-bonded interactions 
between them, and the major interaction occurs between the carbon atoms. 
Angular distortions at the N(5)-C(8)-C(10) (114.6°, o.6 kcal/mole) and 
C(7)-N(5)-C(8) (113.4°, 0.3 kcal/mole) bond angles relieve this inter-
action. Some bond angle bending also occurs at the Co-N(5)-C(7) bond 
Figure II.18 Perspective view of L-S 2-RRS-[Co(trien)(N-me-R-ala)]
2
+ 
ion drawn from minimised coordinates. The dashed line 
indicates a major non-bonded interaction ( > O.Skcal/mole). 
Figure II.19 2+ Perspective view of L-B 2-RRS-[Co(trien)(N-me-S-ala)] 
ion drawn from minimised coordinates. The dashed lines 
indicate the major non-bonded interactions ( > O.Skcal/mole) . 
I 
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Figure II.20 Perspective view of L-B 2-RSS-[Co(t r ien)(N-me-R-ala)]
2+ 
ion drawn from minimised coordinates. The dashed lines 
indicate the major non-bonded interactions ( > 0.Skcal/mole). 
I 
I 
Figure II.21 
I 
I 
I 
I 
I 
. 2+ Perspective view of L-6 2-RSS-[Co(trien)(N-me-S -ala)] 
ion drawn f rom minimis ed coordinates. The dashed lines 
indicate the major non-bonded interactions c~ O.Skcal/mole). 
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angle (115.2°, 0.3 kcal/mole) and stretching of the Co-N(5) bond is also 
0 
observed (1 .990A, 0.5 kcal/mole). 
Inversion at the trien 'planar' sec-N atom, N(2) is unfavourable for 
the 1-RSSR isomer. Major non-bonded interactions are as follows; 
H(6) •.••• ~(18), 2.08A, 0.7 kcal/mole; H(9) ••••• H(16), 2.16A, 0.5 kcal/ 
mol e; H(13) ••••• H(19) , 2.10A, 0.7 kcal/mole; H(17) ••••• H(21), 2.11A, 
0 . 6 kcal/mole. Angular deformations occur at the expected angles, namely 
N(2)-Co-N(4), 96.0°, 0.5 kcal/mole and Co-N(5)-C(7), 117.4°, 0.5 kcal/mole. 
As previously observed sterio interactions associated with the bulky 
-methyl group are accompanied by bond stretching at the C~-N(5) bond 
(1. 990A, 0.5 kcal/mole). 
The unstable configuFation at N(2) and cis methyl groups as occurs for 
t he 1-RSSS isomer, produces considerable sterio hindrance. Important 
non-bonded interactions are; c(7) ••••• c(10), 2.81A, 0.7 kcal/mole; 
H(1 ) ••••• H(22), 2.13A, o.6 kcal/mole; H(6) ••• H(18), 2.11A, o.6 kcal/mole; 
H(9) ••• H(16), 2.12A, o.6 kcal/mole, H(13) •••• H(19) , 2.09A, 0.7 kcal/mole. 
These interactions are reduced by angular deformations in both the trien 
and amino acid ligands ( C(7)-N(5)-C(8), 113.0°, 0.3 kcal/mole; 
0 - 0 N(5)-c(8)-C(10), 114.4, 0.5 kcal/mole; N(2)-Co-N(4), 97.2 , 0.8 kcal/ 
mole) . Bond stretching at the N-methyl centre is once again observed 
(Co-N(5), 1 . 993A, 0.6 kcal/mole). 
Final energy terms for the four isomers are listed in Table II.7. The 
calculated energy difference between the 1-RRSR and 1-RRSS isomers which 
differ only in the configuration at the asymmetric a-carbon atom is 0.5 
kcal/mole in favour of the 1-RRSR isomer. This result is in good 
.: 
I. 
TABLE II. 7 
Final Energy Terms for s2-[Co(trien)(N-me-ala)]
2
+ Isomers 
(all in kcals/mole) 
Bond Length Deformations, 
EU (r . . ) B 1J 
Non-bonded Interactions, 
EU(rij)NB 
Valence Angle Deformations, 
EU(8 .. k) 1J 
Torsional Strain, 
EU(¢ijk .~) 
Total Conformational Energy, U 
Energy Differences 
(Relative to L-Bi-RRS-[Co(trien) 
(N-me-R-ala)]2 Isomer) 
L-82-RRS-[Co(trien) 2+ (N-me-R-ala)] 
1.4 
·, 
6.0 
5.0 
5.5 
17.9 
0 
L-82-RRS-[Co(trien) 2+ (N-me-S-ala)] 
1.5 
6.2 
5.6 
5.1 
18.4 
0.5 
L-8 2-RSS-[Co(trien) 2+ (N-me-R-ala)] 
1.5 
6.0 
6.9 
6. 1 
20.5 
2.6 
L-8 2-RSS-[Co(trierj 2+ (N-me-S-ala)] 
1. 7 
6.7 
7.4 
5.8 
21.6 
3.7 
f--' 
v.:i 
0 
:J 
L.j 
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agreement with the equilibration studies where 6G20o was found to be 
0.7 kcal/mole in favour of the same isomer (PartI, Chapter 7). This 
result was unexpected in view of the considerable steric interaction 
eviaent from Dreiding models between the cis N-methyl and_ C-methyl groups 
for the 1-RRSS isomer. However, it appears that angular deformations can 
relieve these interactions with the expenditure of only a relatively 
small amount of bond angle strain energy. 
The 1-RSSR isomer is calculated to be 2.6 kcal/mole less stable than 
the 1-RRSR isomer, these two complexes being related by inversion at the 
trien 'planar' ,sec-N atom, N(2). This result is in accord with experiment 
which showed that the 1-RSSR isomer is not formed in solution under 
equilibrium conditions in detectable amounts ( <2%) (Part I, Chapter 7). 
As previously discussed this places a lower limit of 2.3 kcal/mole on 
the free energy dif_ference between these isomers. 
In the case of the 1-RSSS isomer with the unstable, S configuration 
at atom, N(2) and cis methyl groups for the amino acid moiety, the min-
imisation calculations would predict this isomer to be the least stable 
by 3.7 kcal/mole . This result is what would be expected from a qualit-
ative examination of models. However, the equilibration studies showed 
that in terms of free energy, this isomer was of equal stability with the 
1-RRSS complex ion (Part I, Chapter 7). If the calculations are valid it 
would seem that the entropy term is an important factor in determining the 
free energy difference between these isomers. 
The strain energy minimisation calculations on the ~2-[Co(trien)(N-me-
ala)]2+ isomers predict some interesting geometrical distortions in these 
1 
J 
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complex ions. A structural analysis is in progress on one of the isomers 
with cis methyl groups to establish the validity or otherwise of these 
predictions. 
In summary, it has been shown that strain ' energy minimisation calcul-
ations can predict the correct order of relative stabilities for these 
types of complexes and ·in favourable cases accurately reproduce the 
magnitude of the energy differences. Also for the complex ions where 
structural data is available for comparison the calculated molecular 
geometry is in excellent agreemento 
CHAPTER 4 
Variations in the Strain Energy Minimisation Force Field 
and General Conclusions 
4.1 Introduction 
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In the two previous chapters the results of strain energy 
minimisation calculations on a number of cobalt(III) triethylenetetramine 
amino acid complexes have been presented. Generally, there has been 
agreement between experiment and calculation in terms of both structures 
and relative stabilities. However, these calculations have been carried 
out using a similar force field in all cases. It is pertinent therefore, 
to examine the sensitivity of the calculated geometries and relative 
stabilities to variations in the force field. Variations in the non-bonded 
potential functions are particularly important in view of the wide range 
of functions used in the literature. The effects of torsion terms and 
changes in some of the more important force constants have also been 
examined. These recalculatio11S have been carried out on the L-~2-RRS-
[Co(trien)(S-Pro)J2+ and D-~2-SSS-[Co(trien)(S-Pro)J
2
+ complex ions where 
both structural and equilibrium data are available for comparison. Some 
general conclusions are made based on the strain energy minimisation 
results to date. In addition suggestions are made regarding possible 
future lines of development for both the method and its applications. 
4.2 Variations in the Force Field 
Non-Bonded Potential Functions. It was deduced from the previous 
r 1 
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results that the most important non-bonded potential function was likely 
to be that between the hydrogen atoms. An examination of the literature 
showed that a wide variety of functions and constants have been derived. 
Initially, a H ••••• H potential function due to Bartell(B3) was chosen 
on the basis that it was found to give good agreement( 79 ) ~ith the 
experimentally derived intermolecular potential for gaseous methane and 
therefore was likely to be a good function for evaluating H •••• H inter-
actions in the present compounds. 
In Fig. II.22 a number of H •••• H potential functions of the Buckingham 
form have been plotted for comparison. The effects of using the 'softer' 
Scott and Scheraga(B2 ) function and the very 'hard' De Santis et al( 92 ) 
function have been examined. Using the Scott and Scheraga(B2) potential 
it was found that the calculated energy difference between the L-~2-RRS-
[Co(trien)(S-Pro)]2+ and D-~2~sss-[Co(trien)(S-Pro)J
2
+ isomers was not 
very sensitive to this change, although the individual total strain 
energies were markedly affected. The totals for the L-RRS and D-SSS 
isomers were 14.1 and 15.4 kcal/mole respectively resulting in only a 
-
0.3 kcal/mole decrease in the strain energy difference between the isomers 
compared to the value (1.6 kcalfmole) obtained using the Bartell function. 
·with the 'softer'potential function the contributions from non~bonded 
interaction terms were negative and equal (-3.8 kcal/mole) for both isomers. 
Since the molecules are quite. sterically hindered it seems unlikely that 
a function which gives such a dominant attractive non-bonded contribution 
to the strain energy would be correct. However, the effect of this 
function on molecular geometry was surprisingly small, the maximum change 
--
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in any bond angle for both isomers was less than 1 and the variation 
in chelate conformations was insignificant. 
The very 'hard' De Santis( 92 ) potential function (Fig. II.22) was 
found to be very unsatisfactory for two reasons. Firstly, the non-bonded 
contribution to the total energy was increased so markedly that other 
terms were almost insignificant. Secondly, this term was so dominant that 
considerable instability arose in the calculations and convergence was 
not achieved using this function. Further, the attractive term in this 
potential was ineffective in the present calculations since the energy, 
was still positive at the non-bonded distance limit (2.78A) (Fig. II.22). 
For these reasons it was concluded that this potential function was too 
'hard' for this type of calculation. 
From this preliminary analysis it would appear that a function similar 
to the B-a.rtell(B3) potential is the most appropriate for the strain energy 
minimisation procedure. But the results show that the calculations are 
not highly sensitive to the particular function since a considerably 
'softer' H •••• H potential does not significantly affect the calculated 
--
geometries or relative stabilities. 
In Fig. II.22 the 'soft' Hill( 62 ), H ••• H non-bonded potential has been 
plotted for comparison with the previously discussed functions. This 
function was used in past estimations of isomer relative stabilities, 
( 1s, 55 ) based 1 b d d · t t· d f D 'd' on yon non- one in erac ions as measure rom rei ing 
models. Even using this very 'soft' potential function isomer relative 
stabilities were over-estimated by this method. This can be accounted for 
by the rigidity of the models which does not allow angular deformations 
I 
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to occur and thereby reduce close non-bonded interactions. 
Bond Angle Force Constants. The more important bond angle 
force constants in the present calculations are those for the N-Co-N and 
Co-N-C bond angles, since it is these angles which are the most markedly 
deformed . A considerable reduction in the N-Co-N force constant from 
0 .68 to 0.40 (105 dynes.cm-1 ) had a negligible effect on the geometries 
of both isomers except for the N(3)-Co-N(5) bond angle in the D-SSS isomer 
which increased from 98.9° to 101.3° (99.2(4) 0 from · the crystal structure). 
Likewise, changing the Co-N-C force constant from 0.40 to 0.20 only sig-
nificantly affected the most distorted bond angles. In this instance the 
maximum change was for the Co-N(5)-C(7) bond angle in the D-SSS isomer 
which increased from 122.2° to 126.0° (125.3(7) 0 from the crystal structure). 
It is apparent that a very large change in force constant does not have a 
large effect on the relevant bond angles. Also for both changes in force 
constant the effect on the calculated isomer energy differences was less 
than 0.3 kcal/mole. It would appear ~hat accurate force constants are 
not a requirement of the method since both geometry and energy differences 
: 
are not too sensitive to values assigned to these constants. 
For these very large angularclistortions the simple Hook's law function 
for angle bending is almost certainly inaccurate and therefore it is quite 
likely that for smaller angular distortions these force constants would 
tend to be · too small. This problem might be resolved by incorporating an 
anharmonicity term into the angle bending potential function. 
Torsional Terms. In order to determine the importance of 
torsion terms in the minimisation procedure, a calculation was carried out 
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on the D-SSS isomer where all the torsion terms were excluded. The 
inimisation converged satisfactorily by including only non-bonded, valence 
angle deformation and bond stretching terms. Using this new set of 
minimised coordinates the torsion angles about the trien iigand were 
recalculated. These new torsion angles are compared (Fig. II.23) with 
those obtained previously where torsion terms were included and also with 
torsion angles calculated from the crystal structure coordinates. 
The resulting comparison demonstrates quite clearly that the inclusion 
of torsion terms is important in accurately predicting torsion angles and 
thus chelate ring conformations. It is interesting that the general trend 
in torsion angles is reproduced when torsion terms are neglected but each 
angle tends to calculate too small • . The increase in torsion angles for 
the inclusion of torsion terms is readily understood since this would lead 
to a decrease in torsion strain energy. 
4.3 General Conclusions 
The previously described results show that for these types of 
metal complexes the minimisation procedure can accurately predict 
molecular geometry. Further, the oalculated:geometry does not seem to be 
too sensitive to the parameters used in the f~rce field and the final 
geometry is the result of a balance of strain energy contributions from 
non-bonded, bond angle, bond stretching and torsional potential functions • 
.An important application of this technique might arise when interpreting 
the results of a structural analysis in the solid state. The question 
arises if the observed geometry is s ignificantly affected by lattice forces. 
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Since the minimisation procedure effectively calculates a 'gas phase' 
molecular geometry it might prove very useful in resolving this problem. 
This would be particularly important for molecules where considerable 
conformational freedom is possible. 
As previously discussed the calculated relative stabilities are related 
to the enthalpy difference, 6~ rather than the free energy difference, 6G 
as measured experimentally from equilibration studies. Unfortunately, for 
the equilibria studied no data is yet·available on the relative contrib-
utions of enthalpy and entropy terms to the free energy difference, 
although experiments to determine these contributions are in progress. 
However, in all cases the correct order of relative stabilities is calcul-
ated and in some cases good agreement is obtained between the calculated 
and measured values. Certainly, the minimisation procedure gives a much 
more accurate measure of the enthalpy differences than can be obtained 
from rigid molecular models. 
In regard to future development and applicability of the strain energy 
minimisation technique, it wouad seem highly probable that this approach, 
which has been so successfully applied to a wide range of organic compounds 
will meet with similar success in inorganic chemistry. The major problem 
with any general application of this procedure is the parametrisation 
of the force field. However, with the increasing availability of struct-
ural data and normal coordinate analyses, thi.s must improve in the near 
future. 
The problem of obtaining good trial molecular coordinates, when 
structural data is not available, is readily resolved and work is in 
' 
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progress to develop procedures for calculating cartesian coordinates of 
complex molecules from standard bond lengths 1 bond angles and estimated 
torsion angles. 
I 
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